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Abstract
This experimental study tackles the question how oxide ceramics (ZrO2 and HfO2) respond to the
simultaneous exposure to two extreme conditions, pressures up to several ten GPa and irradiation with
highly energetic (MeV-GeV) heavy ion projectiles. The combination of these two extreme conditions
influences the materials in ways none of those two conditions alone could.
In both materials, the exposure to high-fluence irradiations at ambient pressure result in a crystalline-to-
crystalline phase transformation from the monoclinic into the first high temperature tetragonal phase.
For heavy ions such as Xe, Au, Pb, and U this structural change requires a double impact process. For light
ions such as Ni and Cr, the transferred energy does not suffice to induce any transformation indicating
an energy loss threshold in ZrO2 as well as in HfO2. If the irradiation is performed under high pressure,
the monoclinic-to-tetragonal transformation occurs already at a fluence that is more than one order of
magnitude lower, suggesting a single-hit process. Although the ZrO2 and HfO2 behave much alike as no
two other compound materials, their response to the combination of pressure and ion irradiation differs.
X-ray diffraction analysis of the irradiated, pressurized samples and Raman and TEM measurements at
ambient conditions revealed that the monoclinic-to-tetragonal transformation in ZrO2 around 10 GPa is
not direct but includes a detour into the cubic high-temperature phase, before the tetragonal structure
becomes stable under decompression. For HfO2, high fluence irradiation at 10 GPa results in the inten-
sification of the first high pressure phase which is afterwards stabilized to ambient conditions. At higher
pressures, additional ion irradiation forces both ceramics to perform a transition into their second high
pressure phase (orthorhombic-II) far away from its stability field. This study demonstrates that the com-
bination of ion irradiation and high pressure can serve as a trigger for transitions into different phases
and as stabilization mechanism of usually unstable structures.
Zusammenfassung
Diese experimentelle Arbeit beschäftigt sich mit der Frage, wie sich Oxidkeramiken (ZrO2 und
HfO2) unter der gleichzeitigen Einwirkung von zwei extremen Umgebungsbedingungen, nämlich ho-
hen Drücken von mehreren 10 GPa und Schwerionenbestrahlung im MeV-GeV Bereich verhalten.
Unter der Bestrahlung mit sehr hohen Fluenzen vollführen beide Materialien einen strukturellen Über-
gang von der monoklinen zur tetragonalen Hochtemperaturphase. Für schwere Ionen so wie Xe, Au,
Pb und U ist für diesen Übergang ein doppelter Ioneneinschlag und daher eine sehr hohe Fluenz von
Nöten. Für leichtere Ionensorten so wie Ni und Cr, reicht die von den Ionen an das Material übertragene
Energie nicht aus um einen Phasenübergang zu induzieren, was auf eine Energieverlusstschwelle sowohl
in ZrO2 als auch in HfO2 hinweist. Falls die Bestrahlung mit schweren Ionen unter Druck stattfindet, ver-
ringert sich die für die Transformation benötigte Fluenz um mehr als eine Größenordnung, was auf einen
einfachen Ioneneinschlagprozess hindeutet. Auch wenn die beiden Keramiken ZrO2 und HfO2 sich so
ähnlich sind wie keine zwei anderen Verbindungen, zeigen sie unter der gleichzeitigen Einwirkung von
Druck und Bestrahlung ein unterschiedliches Verhalten. Röntgenbeugung an den unter Druck stehenden
Proben, und Raman Spektroskopie so wie TEM Messungen bei Umgebungsbedingungen zeigten, dass im
Falle von ZrO2 der Übergang von der monoklinen in die tetragonale Phase nicht direkt, sondern über
einen Umweg in die kubische Phase von statten geht, bevor nach Druckentlastung die tetragonale Phase
stabil wird. In HfO2 führt die gleiche Bestrahlung bei 10 GPa zu einer stärkeren Ausprägung der insta-
bilen ersten Hochdruckphase (orthorhombisch-I), welche dann auf Umgebungsbedingungen überführbar
ist. Bei wesentlich höheren Drücken führt eine zusätzliche Ionenbestrahlung zu einem Übergang in die
zweite orthorhombische Hochdruckphase weit entfernt von deren Stabilitätsfeld. Diese Arbeit zeigt, dass
die Kombination von Schwerionenbestrahlung und hohen Drücken als Auslöser für Transformationen in






2.1 Radiation effects in solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 Energy loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1.1 Nuclear energy loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.1.2 Electronic energy loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2 Effective charge state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.3 Track formation and defect creation mechanism . . . . . . . . . . . . . . . . . . . . . . 8
2.1.3.1 Coulomb explosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.3.2 Thermal spike . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.1 Raman effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Raman theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 X-ray diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.1 Powder diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.2 Synchrotron radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Structural phase transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3 Experimental Setup 21
3.1 High-pressure technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.1 Diamond anvil cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.2 Pressure calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Irradiation conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 UNILAC irradiations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 SIS irradiations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.3 High pressure irradiation procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 Raman measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 X-ray diffraction measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4 Pre-experiments 31
4.1 Ruby as pressure gauge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.1.1 Irradiations at ambient conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.1.2 Ruby irradiation under pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.1.3 Irradiation of oriented ruby crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1.4 High pressure behavior of irradiated rubies . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.1.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5 Results and Discussion 41
5.1 Zirconia (ZrO2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.1.1 Phase transitions in ZrO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.1.1.1 monoclinic→ orthorhombic I transition . . . . . . . . . . . . . . . . . . . . . 41
5.1.1.2 orthorhombic I→ orthorhombic II transition . . . . . . . . . . . . . . . . . . 42
5.1.2 Stabilized zirconia and its applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
v
5.1.3 Irradiations at ambient pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.1.4 Transformation mechanism: nano-crystallization vs. strain . . . . . . . . . . . . . . . 48
5.1.5 Transformation process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.1.6 Thermal spike calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.1.7 Comparison macro-to-nano-crystalline ZrO2 . . . . . . . . . . . . . . . . . . . . . . . . 58
5.1.8 Pressure dependence of pristine ZrO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.1.9 Pressure dependence of irradiated ZrO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.2 Irradiations under high pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2.1 Irradiations at very high pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2.2 Nano-crystalline ZrO2 irradiated under pressure . . . . . . . . . . . . . . . . . . . . . . 73
5.2.3 Irradiations under non-hydrostatic pressure conditions . . . . . . . . . . . . . . . . . 75
5.3 Hafnia (HfO2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.3.1 Phase transitions in HfO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.3.1.1 monoclinic→ orthorhombic I transition . . . . . . . . . . . . . . . . . . . . . 80
5.3.1.2 orthorhombic I→ orthorhombic II transition . . . . . . . . . . . . . . . . . . 80
5.3.2 Irradiations at ambient pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.3.3 Strain analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.4 Transformation process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.5 Comparison to thermal spike calculations . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.6 Pressure dependence of pristine HfO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.3.7 Pressure dependence of irradiated HfO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.4 Irradiations under high pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.4.1 Irradiation under various pressure conditions . . . . . . . . . . . . . . . . . . . . . . . 96
6 Conclusion 99
7 Outlook 101
7.1 SAXS experiments under high pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.2 NMR analysis of radiation defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7.2.1 Unilac irradiated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104





The development of new materials with novel and/or improved characteristics is important to meet
the demands of tomorrows technological applications. This concerns in particular the performance in
extreme environments such as thermo-mechanical extremes, severe radiation environments or chemical
reactive conditions. In the search for materials with enhanced properties, structural diversity plays an
important role. Possible parameters to control and tune structural configurations are high pressure and
high dose irradiations. Of particular interests are swift heavy ions of MeV-GeV energy because they
deposit energy of the order of several keV per nm along each individual ion trajectory.
In the past, the response of many different kinds of solids to such ion beams has been studied in
detail. The formation of ion tracks and other damage phenomena are known for many insulators (e.g.,
polymers, oxides, garnets, ionic crystals,...), several semiconductors, and a few metals [1]. There are
several different ways how a given material handles this huge energy input. In many crystals, the ions
create an amorphized cylindrical region which in some cases can be exploited to fabricate nanostructures
within a solid matrix [2]. More radiation resistant materials sometimes respond by a transition into
another crystalline phase [3] which is important since the tuning of atomic structures of different phases
allows the optimization of a variety of material properties.
Compared to radiation damage, the behavior of solids under high pressure is generally much better
understood. Depending on the phase diagram, the high-pressure phase of some materials is character-
ized by enhanced physical and chemical properties such as excellent conductivity or extreme hardness.
Unfortunately most high pressure phases can usually not be stabilized to endure at ambient conditions.
Over many years, the search for novel (e.g. superhard) materials has stimulated activities in the high
pressure community [4, 5]. It is generally assumed that a material becomes harder under pressure by
decrease of its volume, either within a single phase, or via a volume-reducing phase transition. As a
result, if high pressure phases could be recovered at ambient conditions, this may provide a promising
route for the synthesis of materials with enhanced mechanically properties [6].
Recent developments in the pressure cell technique (e.g. by new designs of diamond anvil cells) allow
access to extreme pressures up to 500 GPa, which is even much higher than the pressure in the inner core
of the Earth (330-365 GPa) [7]. But even though it is nowadays possible to cover a very large pressure
regime and create previously unknown material structures with enhanced properties, one still needs to
find a way to stabilize these materials in their newly found forms to ambient pressure in order to access
their properties for technological applications [4].
The novel approach of this project is the simultaneous exposure of materials to two different extreme
conditions, pressure and high radiation dose. The experiments consist of heavy ion irradiations of pres-
surized samples introducing extreme energy densities and opening new routes to high temperature and
high pressure phases within the p − T phase diagram. The high energy in combination with severe
disruption of the electronic structure provides new possibilities for the pressurized solid. As will be
demonstrated, the irradiation of a pressurized crystal may allow us to recover high-pressure phase to
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ambient conditions. Pressure applied during irradiation opens physical access to a large variety of struc-
tural conformations of the starting material. However, additional pressure can hinder or enhance certain
radiation induced transformations [8]. Conversely, ion irradiation can change the stability field of some
materials.
The idea to combine ion irradiation and pressure originated from a problem in the geoscience com-
munity. Ion irradiation occurs naturally in minerals due to spontaneous fission of radioactive nuclides
such as 238U that are incorporated in the material during the crystallization process. In the course of a
geological time period, these unstable incorporations decay via α-particle emission or by spontaneous
fission. In many minerals, the energy of the daughter nuclides is high enough to form damage tracks
which can be revealed by chemical etching. Because of the long half life of 238U (1015 a) and low con-
centrations, the amount of formed tracks is usually limited to a number that can be counted under an
optical microscope. The amount of fission tracks is proportional to the amount of incorporated 238U and
thus to the age of the sample. Fission track dating requires to quantify the number of tracks and is an
important tool for geochronology. Since most of these fission tracks are produced in the Earth’s crust
under elevated temperatures and pressures, the question arose whether track formation is influenced
by the given temperature and pressure conditions. Lang et al. first simulated fission track production
with an ion beam at elevated pressures and temperatures and found that the formation of tracks is not
suppressed under crust conditions. The track size however, is influenced slightly [9].
This study focuses on the radiation and pressure response of dioxide ceramics ZrO2 and HfO2 which
have a wide range of applications due to their high fracture toughness, extraordinary heat resistance
and especially their chemical inertness. Besides industrial and medical applications as cladding material,
oxygen sensor, tooth or hip implants, it is used as containment material for radioactive waste or inert
matrix fuel in order to utilize reprocessed plutonium in nuclear reactors [10]. The two ceramics are
chosen because of their radiation resistance, their high melting point (> 3000 K) and low chemical
reactivity with the reactor water [11]. Since fission fragments from the nuclear fuel produce an radiation
field, a better understanding and reliable long-term predictions of the material behavior under such
extreme conditions are needed for reliable lifetime estimates. Motivated by more fundamental aspects,
it is of great interest to investigate the structural diversity of ZrO2 and HfO2 that both have 5 different
structural polymorphs. The natural monoclinic form of ZrO2 is of potential interest as reference for spent
ZrO2 based inert matrix fuels [12]. Both ceramics have two high pressure phases which are considered
as very promising candidates for ultra hard materials [13].
Because compression can result in entirely new reactivity, bonding and structure of the material [14],
the transition mechanisms between the different polymorphs are therefore investigated with regard to
their stability to either ion irradiation (up to fluences of 1×1013 ions/cm2) or high pressures (up to 70
GPa) and the combination of these two extreme conditions. Pressure onto the samples is applied by use
of diamond anvil cells (DAC). All ion irradiations were performed at the GSI Helmholtz Center for Heavy
Ion Research providing beams of all ion species in the energy regime between 10 and 90 % of the speed
of light. Given by the need of large ion ranges to penetrate the cell and sample, energies of several tens
of GeV provided by the heavy ion synchrotron (SIS) are necessary. Irradiations of unpressurized samples
were conducted at the linear accelerator (UNILAC). The samples were investigated by means of Raman
spectroscopy, high resolution X-ray diffraction (performed at DESY, Hamburg), and transmission electron
2 1 Introduction
microscopy. Both irradiation and high pressure induce structural phase changes in the materials. The
exposure of pressurized ZrO2 and HfO2 samples to the ion beams also provides insights into the beam
induced phase transitions. Both conditions can partially substitute each other: the ion beam can induce
phase transitions far away from the usual transition pressure. Similarly, high pressure can mimic the
damage induced by dense ion irradiation. In HfO2, a usually non-quenchable high-pressure phase can
be recovered to ambient conditions when irradiated. This ion-beam stabilized sample remains stable in
its high-pressure phase to this day.
This methodological approach provides a powerful tool to gain access to unique, unstable high
pressure-phases and recover them to ambient conditions. This might lead to a future use of new materials




2.1 Radiation effects in solids
When solids are exposed to heavy ion irradiation, several kinds of effects occur within the material.
Most of the energy introduced into the solid is transformed to lattice vibrations (heat) or luminescence
but some part is used to create defects such as e.g. lattice distortions, vacancies, interstitials, amorphiza-
tion, ... [15]. The defect creation mechanism is discussed in the following sections.
2.1.1 Energy loss
When fast heavy ions traverse a solid, several different processes emerge. On the way through matter,
the ion projectiles slow down because they transfer their kinetic energy onto the target. In most materials
a long damage region with a diameter of a few nm is produced along the trajectory of the ion, a so-called
ion track [16]. The energy deposition in the material is crucial for the defect production and is expressed







The common unit of the energy loss is keV/nm. The energy loss processes for ions can roughly be
classified into six groups [17]:
• excitation and ionization of target electrons





For high initial specific ion energies (≥ 1 MeV per nucleon), excitation and ionization of target electrons
is the dominating process, except for at the low-speed end, at which the interaction with target atoms
occurs. To what extent the different mechanisms play a role depends strongly on the kinetic energy and
charge state of the projectile ions. There exist two velocity-dependend kinds of energy loss adding up to
the total energy loss Stotal = Sn+ Se.
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Figure 2.1: Electronic and nuclear energy loss of uranium ions in ZrO2 versus the specific ion energy.
The maximum of the electronic energy loss region is called Bragg maximum or Bragg peak.
• nuclear energy loss, Sn (for specific energies lower than ∼ 100 keV/u)
• electronic energy loss, Se (for specific energies larger than ∼ 1 keV/u)
2.1.1.1 Nuclear energy loss
For kinetic energies of the projectile, less than 100 keV/u, the nuclear energy loss is dominating with its
maximum at∼ 1 keV/u (see Fig. 2.1). The velocity of the ion is then slow compared to its shell electrons.
The nuclear energy loss is important in the last hundred 100 nm of the ion trajectory. Typical processes
are elastic collisions of projectile and target atoms (knock-on processes). This causes displacements of
the atoms from their initial lattice sites and lattice vibrations. Displacement of target atoms occurs for
as long a the ion energy is larger than the needed displacement energy. Also recoils are produced during
these hit processes. As mentioned before, the influence of the nuclear energy loss becomes negligible
above 100 keV/u. Because our experiments were always performed with energies well above 1 MeV/u,
the electronic energy loss is dominating and the nuclear energy loss is not taken into consideration.
Especially for the high-pressure experiments, the ions are stopped several µm behind the sample so that
no kind of nuclear stopping occurs.
6 2 Theory
2.1.1.2 Electronic energy loss
Above energies of 100 keV/u, the electronic energy loss is the dominating process. The projectile
ionizes and excites the target electrons. Because of the high speed, no strong interaction takes place
with the target nuclei. Also, the momentum transferred to the target electrons is very small compared to
the available kinetic energy of the projectile because of the small electron mass. Thefore, the projectile
is only slowly decelerated without changing its direction. The overall course of the energy loss of an
ion in a medium depends on the ion velocity vp and its charge state and can be described by the Bethe-
Bloch formula, which considers the momentum transfer to a target electron in a Coulomb potential plus

















− ln (1− β)− β2
!
(2.2)
• Z e f fp = effective charge of the projectile
• Zt = atomic charge of the target material
• Nt = amount of target atoms per volume unit
• me = electron mass
• e = electron charge
• I = effective ionization potential of the target material
• β = ratio between ion velocity and speed of light
2.1.2 Effective charge state
An important correction factor takes into account the shielding of the nuclear charge of the projectile
because of its bound electrons. By passing through a solid, the projectile ion loses these electrons whose
orbital velocity (v0) is smaller than the projectile velocity (v ). This is called Bohr’s stripping criterion.
Therefore, one has to consider the charge exchange between the projectile ion and the solid. The more
loosely bound outer electrons are easily stripped off during the scattering process with the target mate-
rial. This leads to an effective charge state Z e f fp of the projectile which is smaller than the nuclear charge
number Zp and can be expressed by the following formula [19].







Starting at very high initial kinetic energies, the electronic energy loss increases by a factor of 1
E
when
the ion is decelerating (see Fig. 2.1). This is due to the fact that with decreasing ion energy the time
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for interactions between projectile and target increases and higher momentum transfer becomes possi-
ble. When the velocity of the ion approaches the average orbital velocity of the target electrons, the
momentum transfer is most efficient and the stopping curve has its maximum at about 5 MeV/u (see Fig.
2.1) [21]. This maximum is called Bragg maximum or Bragg peak. The energy loss decreases quickly
with
p
E below the Bragg peak, because the loss of the effective charge (electron capture) becomes a
dominating factor until the nuclear stopping takes over. Besides the effective charge, there are a few
more correction factors have to be taken into considereation. Because Bethe derived his formula using
quantum mechanical perturbation theory, his result is proportional to the square of the charge Zp. The
description can be improved by considering corrections which correspond to higher powers of Z.
The penetration depth of an ion with an initial kinetic energy E0 in a specific material until it is stopped
completely is called the ion range. The total range R is obtained by integration of the inverse stopping









The path of the ion can be considered as straight. R describes the mean range, because not every ion
of an ensemble transfers the same amount of energy to the target. Therefore, some ions still have some
small amount of kinetic energy when they reach the calculated mean range whereas others have before
already transferred all their energy to the target material. This range distribution at the end of the
trajectories is called ion straggling. In this work, the values of energy loss and ion range were calculated
with the SRIM2008 (Stopping and Range in Matter) code which has an accuracy of about 15% [22].
2.1.3 Track formation and defect creation mechanism
Swift, highly charged ions transfer their kinetic energy by ionization of target atoms, and therefore
produce free electrons that further ionize more atoms causing ionization cascades. Also Auger electrons
can be produced if electrons from a lower shell are ejected. In our kind of experiments, the energy of the
primary electrons is usually in the order of several keV, allowing several steps of free electron production.
All secondary and higher-order follow-up electrons are called δ-electrons. These ionization processes
happen on a very short time scale (primary electrons ∼ 10−17 - 10−16 seconds), so that after around
10−14 seconds the δ-electron cascades have ended [16]. The energy deposition of the projectile follows
a radial distribution of ∼ 1/r2 (with r denoting the radial distance from the ion trajectory) leading to
a formation of cylindrical damage regions [23]. In these cylindrical ion tracks, the defect distribution
is inhomogeneous with a high defect concentration close to the ion trajectory, surrounded by a halo of
lower defect concentration. The overall damaged region can be up to several 10 nm depending on the
target material. All of these mentioned processes occur without interaction with the target lattice. Only
after relaxation times τ ≥ 10−13, which correspond to a period of a lattice vibration, coupling to the




















Figure 2.2: Schematic view of ion displacements as a result of ionization along the path of an ion
lattice is still not solved, and very difficult to answer experimentally. In the following paragraph, the two
most promising models, namely Coulomb explosion and thermal spike, will be discussed.
2.1.3.1 Coulomb explosion
The Coulomb explosion or ionic spike model was introduced by Fleischer et al. in the 1960s, trying to
describe the track formation in insulating materials [24]. In this model, the track formation is subdivided
into several steps. When the ion passes through matter, an ion cloud is formed along its path. The
corresponding δ-electrons fly away perpendicular to the ions path and leave back a narrow cylinder
which is densely filled with excess positive ions. These positive lattice ions now repel each other and are
ejected into interstitial positions [16, 24]. The ejected target ions will eventually neutralize and the high
local lattice strains are compensated by relaxation and other readjustments to a larger volume of the
target. Hereby, a cylindrical core with huge vacancy concentration surrounded with atoms on interstitial
planes is created. The radii of these ion tracks is typically in the region of several nm but depend strongly
on energy, charge state, and mass of the projectile ion as well as on the thermal stability and free electron
density of the target material. Several criteria have to be fulfilled for the Coulomb explosion to happen.
First of all, the Coulomb repulsive forces within the ionized region must be high enough to overcome
the lattice bonding forces. If two ions in a material of dielectric constant ε and average atomic spacing
a0 have received an average ionization of n unit charges e, the force between them is n
2e2/εa20. If n is
high enough, the electrostatic stress will be larger than the mechanical strength. This shows that the
tracks are formed more easily in materials of low mechanical strength, low dielectric constant, and close
interatomic spacing. Another very important criterion relates to the supply of electrons near the ionized
track. The repulsion of the ionized target ions and therefore displacement from their original sites has
to be faster than the time for recombination between target ions and electrons of ∼ 10−13 seconds. The
density of free electrons has to be low enough for a track to be formed. This is usually the case for
insulators and semiconductors. In metals, on the other hand, the density of free conduction electrons is
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so high that the ionized target atoms become neutralized almost immediately. Model calculations show
that in the case of metals only ∼ 0.001 % of the deposited energy would be available for dislocations
[25].
2.1.3.2 Thermal spike
The thermal spike model, first proposed by Dessauser [26] and further developed by other groups
[27] and especially by Toulemonde et al. [28, 29, 30], concentrates on the defect creation caused by a
huge temperature increase along the ion trajectory. The energy of the incoming ion is first transferred
to the electrons. This leads to a rapid local heating of the electron subsystem to a temperature Te,
comparable to the Fermi energy EF along the ion trajectory, which expands as far as the δ-electrons
travel [31]. A highly non-equilibrium region, with hot electrons and cold lattice, arises [29]. The energy
of the electrons is then transferred to the atomic subsystem via electron-phonon coupling leading to a
large temperature increase of the target crystal atoms Ta. The temporal and spatial development of the






























+ g(Te − Ta) (2.6)
with C(e,a) representing the specific heat and K(e, a) the thermal conductivity of the electronic (e) and
lattice (a) subsystems, and r the radius of a cylindrical track with the heavy-ion trajectory as symmetry
axis. A(r, t) is the energy deposited on the electronic subsystem at a time t and a distance r. The only
free parameter is the electron-phonon coupling constant g which is directly linked to the electron mean
free path λ = Ke/g [30]. These differential equations can not easily be solved since the electron and
lattice systems are not in equilibrium. Under certain conditions (low melting point, strong electron-
phonon coupling) a local melting along the ion trajectory can occur. Due to rapid quenching, “frozen”
defects are created and form the ion track. As for the Coulomb explosion model, the lack of ion tracks
in metals is explained by the high density of free electrons. The energy transferred from the ion to the
electrons diffuses quickly into a larger volume, hindering a strong heating that could lead to melting of
the lattice.
Both models have good arguments to explain the radiation defect creation mechanism. It might be that
the Coulomb explosion processes (atomic motion) occur but are later annealed by the slower thermal
spike process in the lattice (10−13 - 10−12 s) [32]. Until now, no experimental proof for one model or the
other has been presented, leaving both mechanisms as possible explanations.
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Figure 2.3: Energy level diagram for Rayleigh and Raman scattering processes.
2.2 Raman spectroscopy
The Raman effect was experimentally discovered by the Indian physicist Chandrasekhar Venkata Ra-
man in 1928. He observed that a sample illuminated with monochromatic light not only re-emits light
with the same energy (Rayleigh scattering) but also a small component of higher or lower frequency
compared to the incident light. Since then, Raman spectroscopy has become (next to IR spectroscopy)
an important method for the analysis of vibrational states of gasses, liquids, and solids. It offers the
combination of spatial resolution (∼ 1 µm) and physical/chemical characterization without destroying
the sample.
2.2.1 Raman effect
When light hits matter it interacts with the electrons of the material. If the energy of the incident
light matches exactly the energy of an electronic transition, an electron is transferred to the excited state
and the energy of the incident light will be absorbed. This happens in the case of IR spectroscopy. If no
absorption occurs, the incoming light causes a distortion of the electron cloud of the material and due
to relaxation the light with the same wavelength is re-emitted. This elastic scattering process (called
Rayleigh scattering) happens in most of the cases. In some cases, the induced distortion of the electron
cloud interacts with the motion of the molecules (vibration, bending, rotation). Energy of the incoming
light is transferred to the molecule, therefore changing the frequency of the scattered light. This inelastic
process is called Raman scattering.
The Raman effect can be best described with an energy level diagram as in Fig. 2.3. In contrast to IR
spectroscopy, light with one certain wavelength is used to illuminate the sample, therefore lasers with
a fixed wavelength are used. The incoming light excites the molecules into a virtual state which is not
an eigenstate of the molecule. This virtual state is a distortion of the electron cloud of a covalent bond
introduced by the interaction of the laser light with the electrons. The virtual state is unstable and the
photon will be scattered instantaneously. The energy of the virtual state is determined by the frequency
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Figure 2.4: Schematic of the intensity distribution of Rayleigh-, Stokes-, and anti-Stokes scattering peaks.
of the exciting light. For the scattered light therefore exist three possibilities:
Rayleigh scattering:
Most of the incoming light experiences elastic backscattering (see Fig. 2.3 center). The incoming
photons cause a distortion of the electron cloud causing an excitation of the molecule to the virtual state
but the nuclei themselves possess too much inertial mass, making it impossible to follow the electron
cloud movement. No energy will be transferred during this process and the electron cloud relaxes to its
initial state emitting a photon of the same frequency as the incident light.
Stokes scattering:
In a few cases (one out of 106-108 photons), the incoming light interacts with the electrons and
the nucleus begins to move at the same time. Part of the incoming energy is then transferred to the
movement of the molecule, creating a vibrational phonon. When the electrons then relax back from the
virtual state, the emitted light has less energy than before (Escat t = h(ν0 − νv i b)). This is called Stokes
scattering (see Fig. 2.3 left).
Anti-Stokes scattering:
Due to thermal activation, about 1% of the molecules are already in the excited vibrational state. Some
of these molecules transfer part of their energy to the incoming photon during the scattering process,
destroying a vibrational phonon. Therefore, the emitted photon has a higher energy than before (Escat t
= h(ν0+ νv i b)). This is called Anti-Stokes scattering (see Fig. 2.3 right).
At ambient conditions and thermal equilibrium, more molecules are in the vibrational ground state
(m) than in the excited state (n). The intensity of anti-Stokes scattering is therefore much less than for
Stokes scattering (see Fig 2.4). If not specifically mentioned otherwise, speaking about Raman scattering
always means Stokes scattering.
As mentioned before, only one out of 106-108 photons is Raman-scattered. The elastically scattered
light (Rayleigh peak) displayed in Fig. 2.4 is much stronger and has to be removed by filtering when
looking at Raman spectra. The intensity of the scattered light is proportional to the amount of excited
molecules. The intensity of Stokes scattered photons is therefore proportional to the amount of molecules
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in the vibrational ground state, while the intensity of anti-Stokes scattered photons is proportional to the
amount of molecules existing already in the excited vibrational state. The ratio of excited state to ground









Nn: number of molecules in the excited state (n)
Nm: number of molecules in the ground state (m)
g: degeneracy of states n and m
En− Em: energy difference between these two states
k: Boltzmann constant (1.3807 · 10−23 J K−1)
T : temperature in Kelvin
For well-calibrated systems, it is even possible to determine the temperature of the sample under study
using the intensity ratios of Stokes and anti-Stokes peaks.
2.2.2 Raman theory
Raman spectroscopy provides information about vibrational energy levels of a molecule or structural
group. Whether a vibration is Raman active depends on the change of the polarizability of the electron
shells. When polarized light interacts with a molecule, the electron cloud of this molecule will be de-
formed relative to the atoms introducing a dipole moment µ which is proportional to the electric field.
~µ= α · ~E (2.8)
with
~E = ~E0 · cos(2piν0 t) (2.9)
α represents the degree of the possible deformation of the electron cloud and is called polarizability.
Although the incoming light is polarized in one plane, the effect on the electron cloud is not necessarily




αx x αx y αxzαy x αy y αyz





where the first subscript refers to the direction of polarizability of the molecule and the second sub-
script to the polarization of the incident light. If α is constant in time, Eq. 2.8 describes a constant
oscillating dipole moment with only the initial vibration frequency ν0 which can be observed in the
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Rayleigh peak. If the excited molecule performs a vibration with a frequency νv i b, it causes a time







Qv i b (2.11)
where Qv i b is the normal coordinate of the vibration. Developing the polarizability as Taylor expansion
around the equilibrium, one will obtain the following expression for the dipole moment:




















Q0v i b,E0cos(2pi(ν0+ νv i b)t)︸ ︷︷ ︸
Anti−Stokes
(2.12)
Equation 2.12 expresses that a molecule vibration changes the frequency of the induced dipole mo-






these two additional frequencies appear, which means that the change of polarizability is the condition
for the Raman effect [33, 34, 35, 36, 37].
2.3 X-ray diffraction
X-rays can be produced either by slowing down highly energetic electrons in matter (producing the
so-called bremsstrahlung) or by recombination processes of electrons [38]. In the first case, the emitted
X-ray can have a continuum of different frequencies, while in the second case, sharp lines are emitted
corresponding to the transition between electronic shells.
Because the wavelengths of X-rays are comparable to the atomic distances in a solid (∼ 1 pm up to 10
nm), X-ray diffraction is a powerful non-destructive method to analyze the crystal structure of materials.
X-ray diffraction results from the interaction of the X-ray with the electrons of the material under study.
Depending on the atomic arrangement of the material, the scattered rays interfere constructively when
the paths of the diffracted rays differ by an integral number of wavelengths [39]. This selection condition
is given by Bragg’s law:
2 · dhkl · sinΘhkl = n ·λ (2.14)
where λ is the wavelength, dhkl the spacing between the planes in the atomic lattice, θhkl the angle
between incident and scattered rays, and n the order of constructive interference. The principle of
Bragg’s scattering geometry is displayed in Fig. 2.5.
Each X-ray diffracted by an atom, sends out a spherical wave with this atom (or more precisely the
electron cloud of the atom) as diffraction center. Bragg’s law determines in which direction (2 θ) the
interference of the diffracted waves is constructive. When the wavelength λ is known, one can obtain the
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Figure 2.5: Principle of Bragg scattering geom-
etry.
Figure 2.6: Debye-Scherrer geometry for pow-
der diffraction measurements.
lattice plane d-spacings dhkl . If the crystal system is known, the lattice constants of the crystallographic











with a, b, and c denoting the lattice constants of the unit cell [40]. For crystals with higher symmetry
(eg. cubic a=b=c) it becomes easier to solve the equation.
Any diffraction process can be described by a Fourier transformation from crystal space into reciprocal
space yielding data in reciprocal space [39]. The measured intensities Ihkl are directly proportional to the
square of the crystallographic structure factors Fhkl . The structure factor depends on the kind of atoms
and their positions in the unit cell and is the Fourier transformation of the electron density distribution
ρ(x , y, z) [40]. In practical applications, the Fourier method is seldomly used. One rather uses the







For diffraction analysis of single crystals the Laue method is typically used. For the Laue method, non-
monochromatic X rays (bremsstrahlung) are used so that several lattice planes fulfill the Bragg condition
simultaneously. Constructive interference only occurs if the change of the wave vector is equal to the
reciprocal lattice vector during the scattering process [40]. The scattered image shows point reflections.
In the case of powdered samples (as used in this study) the Debye-Scherrer method is preferably used.
For diffraction experiments, an ideal powder consists of numerous small, randomly oriented crystallites.
Usually, there are enough crystallites in all possible diffracting orientations. For the powder diffraction
technique, it is essential to use a narrow beam of monochromatic X-rays. If monochromatic x rays hit
a fine powder of randomly oriented particles, a pattern as in Fig. 3.9 occurs. The diffracted rays from
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Figure 2.7: Schematic of a dipole structure which forces an electron beam to perform direction changes
thus emitting syncrotron radiation primarily in forward direction. Behind the undulator, the electron
beam is absorb via an electron catcher [43].
a set of planes of spacing d1 generating a cone with an opening angle of 4θ1, planes of spacing d2
generate a cone of angle 4θ2 and so on [42]. A pattern of concentric rings is produced. If the number of
orientations of the crystallites is too small, the rings will look spotty and discontinuous. One can derive a
typical diffractogram in one dimension by displaying the intensity profile along a radius of the diffraction
rings.
2.3.2 Synchrotron radiation
Common X-ray tubes used in laboratories do not provide enough X-ray energy and intensity to pass
through thicker or strongly absorbing materials. Especially for investigations of materials under high
pressure, the energy has to be high enough to penetrate several mm of diamond. Synchrotron sources
have been developed to produce much higher average brilliance B which is defined as
B =
Number o f Photons
T ime · horizontal & v er t ical size · horizontal & v er t ical div er gence · band wid th (2.17)
with usual units NPhot/(s · mm2 · mrad2) [44].
In an electron synchrotron, an incandescent cathode produces free electrons which are usually trans-
ferred via a DC accelerator part into an accelerator ring, a so-called synchrotron. In such a device,
the electrons are accelerated almost to the speed of light by strong high-frequency emitters in the MHz
regime in resonator structures. Strong magnetic fields keep the electrons on their circular path. Even
though the velocity remains constant (storage rings), the electrons constantly have to change their di-
rection causing the emission of electromagnetic waves which are directed tangential to their trajectory,
the so-called synchrotron radiation [40]. Synchrotron radiation is not monochromatic, but by using a
monochromator one can more or less choose the energy of the X-rays. (The larger the radius of the ring
accelerator the lower are the beam losses.) Electrons travel in bunches which are hindered to diverge by
specialized magnetic lenses.
To produce large amounts of synchrotron radiation undulators are used. An undulator consists of a peri-
odic structure of dipoles over a length of several meters, forcing the electrons on a sine-shaped path with
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Figure 2.8: Change of different thermodynamical properties at the phase transition of first (A) or second
(B) order. (V = volume, S = entropy, H = enthalpy, and Cp = heat capacity).
a wavelength λU . Because of the numerous trajectory changes, the electron beam is forced to undergo
oscillations and thus to irradiate X-rays. If the constant magnetic field of the undulator dipoles is strong
enough and the wavelength of the oscillating beam λU small enough, the emitted radiation displays
constructive interference increasing the intensity, at certain energies, by a factor of about one thousand
compared to a simple bending magnet [40, 45].
2.4 Structural phase transitions
Besides the phase transitions, considered in most cases such as e.g. solid-liquid or liquid-gaseous, there
exist structural phase transitions where a solid changes from one crystalline phase into another. Under
such transitions, the material does not change its chemical composition. Structural phase transitions are
mainly induced by pressure, but also a change of temperature can induce a structural phase transition
below the melting point. There exist materials that exhibit more than ten different crystalline phases (e.g.
crystalline ice phases) [46]. Most structural transitions occur under high pressure. High-pressure phases
usually arise because the new phase is more compact (higher density) and therefore shows greater
thermodynamic stability. The susceptibility of solids towards phase changes depends strongly on the
closeness of packing of the atoms in the low-pressure form. Crystals with relative open structures, which
means low density, have a higher tendency to rearrange themself than others which are already in a
high-density form [47].
A phase transition occurs when a phase becomes unstable in the given thermodynamic conditions. In
thermodynamics, it is possible to show that the stable phase corresponds to the minimum of the Gibbs
free energy G (also called free enthalpy) [46]:
G = U + pV − TS (2.18)
where U is the internal energy, S the entropy, T the temperature, p the pressure, and V the volume.
The necessary criterion for phase change is then given by ∆G < 0. The pV term in Eq. 2.18 becomes
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increasingly important for materials under pressure. A phase with a lower specific volume may then
become thermodynamically more stable than one with lower internal energy. The pressure at which the
Gibbs free energies of two phases become equal is the thermodynamic transition pressure. Usually, the
application of pressure changes the specimen to the phase with higher density.
Landau theory gives a phenomenological framework to charaterise a phase transition by introducing a
so-called order parameter η, which contains all necessary information (such as e.g. the degree of order
or extent of deformation) of the material. The Gibbs free energy can then be expressed by a low order








where A and B are constants and G0 is the free energy of the system for η= 0. Usually G(η) is indepen-
dent of the sign of η and therefore contains only terms with even powers. A depends on the transition
temperature so that A= a(T − Tc). The equilibrium condition is given for ∂ G/∂ η= 0.
Phase changes are divided in transformations of first and second order. First-order tansitions are
accompanied by a discontinuity of thermodynamic quantaties such as volume and entropy which are the














This kind of transition can easily be identified, because the measured property shows an abrupt jump
(see blue curves in Fig. 2.8).
Second-order transitions occur when the two different structures merge continuously. This means the
first derivatives are continuous while the second order derivatives become discontinuous such as specific
















The production of high-pressure phases is often limited without additional catalysts. An additional
activation energy has to be introduced into the system to start the transformation. The same effect
hinders some high pressure phases to reconvert into their ambient form after pressure release. The best
known example for this behavior is the graphite → diamond transition. The stability field of diamond
under pressure already starts at around 2 GPa, but no transformation occurs at this point [49, 50]. Even
pressurization up to 40 GPa cannot evoke a phase change. A lot of activation energy in the form of
additional pressure and high temperature is needed to produce diamond. However, once produced,
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diamond is stable enough to remain at ambient pressure conditions until another energy input (e.g. T >
1000 ◦C) overcomes the activation barrier. The diamond structure is therefore called metastable.
Crystalline-crystalline phase transformations are often described by the similarity of the two structures.
Therefore, the degree of rearrangement of the atoms can be explained. There are two main groups for
structural transformations in solids.
Displacive phase transitions
This kind of transformation does not involve any long-range movements but only comparatively small
motions of atoms which change the symmetry of the crystal structure. In this case, the two phases differ
only slightly e.g. in lattice parameter, angle, or coordination number. Displacive transitions only need a
small energy input and occur quite fast. These kinds of phase transitions can be of first or second order
and are usually fully reversible [51].
Reconstructive phase transitions
This kind of transition involves a breakdown of one lattice and a reorganization into the other. The
phases do not need to be similar in their structure or symmetry. The reconstructive transition is always
of first order. Because of the breaking, rearrangement, and new formation of bonds, a lot of activa-
tion energy is needed for the transformation. Therefore, in some cases, fast decompression (so-called
quenching) can lead to the preservation of the metastable high pressure phase even at ambient pressure.
E.g. the graphite→ diamond transition is of reconstructive type.




Figure 3.1: Schematic of a diamond anvil cell (DAC) [52].
3.1.1 Diamond anvil cell
There exist numerous ways to apply pressure on materials, depending on the needed pressure and
sample size. There are several kinds of large volume presses which can be used for large samples and
pressures up to ∼ 25 GPa. Further, medium-size apparatuses are available, like the Paris-Edinburgh
press which was originally developed for neutron scattering measurements under pressures up to ∼ 12
GPa and sample volumes around ∼ 100 mm3 [53, 54]. But the most common pressure apparatus is the
diamond anvil cell developed in the 1960s by W. Bassett et al. which uses the simple principle P = F
A
to create high pressures by decreasing the sample area while applying moderate forces [55]. The area
of the applied force is usually only a few hundred µm in diameter, and new developments in diamond
cutting techniques made it possible to reach pressures up to 550 GPa [56]. The great advantage of the
diamond anvil cells besides the large pressure regime is their small size and weight which allows an easy
transport to different experimental sites making them quite handy [57]. A sketch of the basic principle
of a DAC is shown in Fig. 3.1.
The most important parts of the DAC are the two brilliant-like cut diamonds. Diamond is the hardest
material known and therefore well suited to apply very high pressures. The table face of the diamond sits
on some very strong background material, the so-called diamond seat usually made of tungsten carbide
(or beryllium for low-background diffraction measurements). The diamonds are either mechanically
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Figure 3.2: Pre-indented gasket and drilled sample chamber with a diameter of 200 µm.
fixed or glued to the seat. The size of the culet face (small front of the diamond) defines the pressures
that can be reached at a given force, defined by the mechanical setup. Inside a DAC, the culet faces of
both diamonds have to oppose each other perfectly. Not only the positions of the faces have to match,
but also tilting between both faces cannot be tolerated. Every misalignment diminishes the reachable
pressure regime. The lateral and angular positions of the diamond can be controlled via small set screws.
A thin metal gasket (e.g. hardened steel or rhenium) with an initial thickness of 250 µm is placed
between the two culet faces. Then the diamonds squeeze the metal, creating a pre-indented area in
form of the diamond tips to later provide stabilization of the gasket. The pre-indented area usually has
a thickness of 40-80 µm. Inside this pre-indented part a small hole is drilled, either via mechanically
drilling or spark corrosion, which later accomondates the sample. In this work, the drilled sample cham-
bers ranged between 100 and 200 µm in diameter depending on the culet size and intended pressure
(see Fig. 3.2). For filling of the cell, the gasket is now placed on the lower diamond. With a fine nee-
dle, the sample is placed inside the sample chamber together with a small pressure gauge (eg. ruby or
quartz) and a pressure transmitting medium (e.g. a mixture of methanol, ethanol, and water or noble
gases like argon). The choice of pressure medium depends on the planned pressure range and the ne-
cessity of hydrostatic or non-hydrostatic conditions, because each pressure medium has its advantages
and disadvantages [58]. After the sample chamber has been filled with the sample, pressure calibrant,
and pressure medium, it is quickly closed by the second diamond to avoid evaporation of the pressure
medium. By tightening the screws, the diamond tips are brought closer together squeezing the sample
chamber. The liquid pressure medium then transfers the increased pressure hydrostatically to the sam-
ple.
The use of natural colorless diamonds as anvils not only opens the possibility to optically observe the
sample with a light microscope but enables also the in-situ application of various analytical techniques
[59], especially optical vibrational spectroscopy like Raman spectroscopy.
Although they are quite handy and can create high pressures, DAC have one major drawback. The lim-
ited sample chamber volume demands accurate loading skills. Even the unloading procedure has to
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Figure 3.3: Chromium 3+ luminescence in ruby at ambient pressure (black) and at 11 GPa (red).
be performed with great care so that the sample does not get lost. The small sample size limits the
possibilities to use many kinds of (especially destructive) analyzing methods.
3.1.2 Pressure calibration
After filling and closing the cell, the pressure has to be adjusted to the desired value. Pressure can be
applied simply by tightening the screws that regulate the distance of the two anvils. There are several
possibilities to measure the pressure inside a DAC, having different advantages and disadvantages. The
method of choice for a long time has been to use Si or elemental metals such as Pt, Au, Ag as inter-
nal pressure standard, relating the equation of state of the bulk moduli that are well-known for these
materials to the measured lattice constant. The disadvantage of this method is that a strong x-ray (typ-
ically synchrotron) source is necessary yielding the pressure calibration very time-consuming. Also, the
occurrence of additional calibrant lines in the diffraction pattern is disadvantageous for x-ray analysis
of the sample [60]. As an alternative, the addition of a small ruby chip, as first suggested by Forman
et al. [61], makes it possible to measure the pressure by fluorescence spectroscopy. The transparent
diamond allows to focus of a laser onto the ruby chip and to collect the fluorescence signal. Ruby’s main
fluorescence lines (R-doublets) are very intense and are therefore easily detectable even through several
mm of diamond. For the pressure calibration, the high intensity R1-line is used which is at 694.3 nm at
ambient pressure. With increasing pressure, the lines shift towards the red side of the visible spectrum
(see Fig. 3.3). Only very small pieces of ruby need to be added because of the very strong fluorescence
signal. Furthermore, because ruby is chemically inert, it can be present in the sample chamber without
interfering with the experimental specimen [62]. The fluorescence line shift has been calibrated against
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the compression of NaCl (measured by x-ray diffraction) to be able to relate the measured shift in wave-
length to a certain pressure [63]. The shift of the fluorescence lines is almost linear up to 30 GPa [64]
and has been investigated and further developed by several groups [65, 66, 67, 68, 69].
As mentioned before, the pressure inside a DAC can be calculated by measuring the wavelength shift of
the fluorescence lines. Mao and Bell [65] calibrated this shift first up to 80 and later to 100 GPa [66]
under quasi-hydrostatic conditions and developed the following simple formula with empirical A =1904











This calibration method is very common, because it is fast and easy. On the other hand, this method is
often inapplicable at pressures higher than 100 - 150 GPa, due to weakening of the fluorescence signal
and/or due to non-hydrostatic pressure effects. Therefore, some groups developed a technique which
uses the Raman signal of the diamond tip, directly touching the sample chamber, as pressure indicator
[60, 70]. The Raman peak of diamond also shifts to higher wavelength under high pressure and can be












with C = 547 and D = 3.75 and ν0= 1333 cm
−1.
Unfortunately, at low pressures the error in the calibration is very large and therefore, despite its dis-
advantages, the ruby fluorescence method is the most common pressure calibration tool in combination
with diamond anvil cells.
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Figure 3.4: Schematic of the UNILAC at GSI. The ions come from the ion sources, are transferred into
the high current injector where they are pre-accelerated and further accelerated in a four-tank Alvarez
structure after increase of the charge state in the gas stripper. At the end of the 120 m long linear
accelerator, the ion beam can be transferred into one of the four beam branches (M, X, Y, and Z) or the
heavy ion synchrotron SIS - 18.
3.2 Irradiation conditions
All irradiations were performed at the radiation facility of the GSI Helmholtz Center for Heavy Ion
Research. Two different sample irradiation processes have been used for this thesis. For low-pressure
conditions, irradiations were performed at the Universal Linear Accelerator (UNILAC) while pressurized
samples were irradiated at the heavy ion synchrotron (SIS) of GSI. Various methods were used for sample
preparation and will be discussed in the following sections.
3.2.1 UNILAC irradiations
The 120 m long linear accelerator of GSI can accelerate all elements up to the heaviest naturally
occurring element uranium with energies up to 11.4 MeV/u [71]. All samples referred to in this work as
irradiated under ambient conditions were irradiated at station X0 (see Fig. 3.4) of the Materials Research
Department. The samples were mounted onto a 5×5 cm2 aluminum holder which was transported by
a sample inlet system into the vacuum chamber for irradiation. All samples were irradiated at room
temperature and perpendicular to the sample surface. By using quadrupole magnets, the ion beam was
widened so that the 5×5 cm2 sample area was homogeneously irradiated. Fluences (ions/cm2) ranged
from 1010 to several 1013 ions/cm2. The ion flux (ions cm−2 s−1) was kept between 1×108 and 5×108
ions cm−2 s−1 to exclude excessive macroscopic heating of the samples. The electric current of the ion
beam is measured with a so-called Faraday cup. This signal can be converted into a beam current value
for a given area and charge state of the ion beam. Because the Faraday cup is a beam stopping device,
it can not be used during irradiation. To monitor the accumulated fluence on the sample a secondary-
electron transmission monitor (SEETRAM) is used, consisting of three aluminum foils, each of 1 µm
thickness. The two outer foils are biased with +100 V to sweep out the free electrons and the middle
foil is connected to a current amplifier [72]. The SEETRAM emission current is calibrated against the
Faraday cup and is left in front of the sample during the irradiation, leading to a small reduction in
energy from 11.4 to 11.1 MeV/u.
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3.2.2 SIS irradiations
Figure 3.5: Schematic of the SIS 18 and connected experimental facilities. In this ring accelerator
structure, there exist two RF acceleration cavities which allow the acceleration of ions up to 2 GeV/u (1
GeV/u for uranium ions). The ions can then be extracted and guided into several experimental sites in
the high-energy experimental hall.
After acceleration in the UNILAC, the ion beam, with an energy of 11.4 MeV/u, can be injected into
the heavy ion synchrotron SIS-18 (Fig. 3.5) where the ions can be further accelerated up to 90 % of the
speed of light. The SIS with a circumference of 216 m can accelerate heavy ions from 50 MeV/u up to
2 GeV/u (1 GeV/u for uranium). By the use of multiturn injections, it is possible to accumulate several
109 of 238U73+ ions in the SIS which can be accelerated and then delivered to different experimental sites
[71].
All high-pressure irradiations were performed at the experimental site Cave A in the SIS target hall. To
irradiate pressurized materials, ion energies of several hundred MeV/u are necessary to penetrate the
first diamond and reach the sample inside the DAC.
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3.2.3 High pressure irradiation procedure
Figure 3.6: Photograph of the experimental setup at Cave A. The ions exit the beamline through a thin
aluminum window (left) and are shot into the diamond anvil cells (holders marked by green squares).
On the right, side on can see a Paris-Edinburgh press for larger samples.
Before irradiation, all high-pressure cells are placed inside a specialized plastic holder for mounting
and centering. The holders are mounted on a motorized stage which can be moved from the measuring
hut (see Fig. 3.6). Because the spot size of the ion beam is kept very small (∼ 0.25 mm), centering of
the sample is quite important. We therefore use a carefully adjusted cross laser system. By means of the
last steering magnets in the beamline, the ion beam is positioned onto the laser cross on a fluorescence
screen. The pressurized samples were irradiated with either Xe, Au, or U ions using a slow extraction
mode of ∼ 1 second and extraction cycle of about 4 seconds. The dose was about 1-4×108 ions per
extracted beam, leading to an irradiation durations of a few minutes up to several hours depending on
the intended fluence of the sample.
Figure 3.7 shows a schematic of the irradiation setup at Cave A. The ion flux (and accumulated fluence)
were monitored similarly to X0 with a SEETRAM detector consisting of three titanium foils, each 10 µm
thick. The initial energies were calculated with the SRIM-2008 code [22] and fixed such that the ions
had a remaining energy of 30 MeV/u when reaching the sample after passing the SEETRAM detector, the
exit window, 45 cm of air, and the 1.5 - 2.5 mm thick diamond. The accuracy of the energy calculations
have been experimentally confirmed by M. Lang et al. [73]. Initial energies thus ranged from 150 to 230
MeV/u depending on the ion species. Due to the advantageous property of heavy ions to deposit most
of their energy at the end of their trajectory, the energy loss inside the sample is quite high.
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Figure 3.7: Schematic of irradiation procedure of pressurized samples. The initial ion energy is high
enough to penetrate detector, exit window, air, and first diamond, cross the sample, and come to a stop
in the second diamond. The underlying energy loss distribution shows that the energy loss occurring
inside the sample, is near to the maximum of this distribution.
Figure 3.8: Schematic of a Raman spectrometer
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3.3 Raman measurements
All Raman measurements (except the Raman data for ruby) were performed with a commercial Ra-
man spectrometer from HORIBA Jobin Yvon™(HR800) with a 20 mW HeNe-laser having an excitation
wavelength of 632.82 nm. The employed Raman system is a so-called 180◦ system where the backscat-
tered light enters the spectrometer through the same optical path as the incoming beam (see Fig. 3.8).
The great advantage of Raman spectroscopy is that it is possible to study very small amounts of sample
material and to measure destruction-free. Because only one out of 106-108 photons from the backscat-
tered light is “Raman-scattered”, the strong Rayleigh scattered light has to be blocked. Otherwise the
photo-sensitive detector will saturate and no Raman signal can be detected. To discriminate the Rayleigh
scattered light, “Notch”-filters are used that filter out the light of a certain wavelength domain around
the Rayleigh wavelength. In our Raman setup, an edge instead of a Notch filter is used. An edge filter not
only filters a small spectral domain of 20-30 nm but discriminates all wavelengths shorter than a certain
well-defined value. In this way, one loses the possibility to measure any Anti-Stokes signal, but the edge
filter has a very small transition width below 1% of the laser wavelength, allowing measurements very
close to the incident wavelength, gaining information at very low Raman shifts (≤ 100 cm−1). After
passing the filter, the backscattered light is focused into the confocal hole whose width can be adjusted
to discriminate signals from a certain depth of the sample. After that, the light passes through another
slit and is focused on the monochromator with a grating of 1800 lines/mm, separating the Raman light
into its spectral contributions before hitting the CCD detector. The CCD detector is a cooled (-70 ◦C),
sectoral piece of silicon forwarding the signal of each sector to the computer [74].
The great advantage of this setup is that measurements can be performed without any complex prepa-
rations of the sample. Further, because of the integrated microscope even very small samples can be
analyzed. The dimensions of the focal regions depend on the numerical aperture (NA) of the applied








The calculated values for our highest-NA objective (×100, NA = 0.9) with which most analysis out-
side the pressure cells were performed, are 0.86 µm for lateral resolution D and 2.1 µm for the depth
resolution T .
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Figure 3.9: Schematic of synchrotron X-ray measurements on pressurized samples inside a pressure cell
plus a typical diffraction image.
3.4 X-ray diffraction measurements
Figure 3.10: Experimental setup for
X-ray diffraction measurements at
the P08 beamline at DESY.
X-ray diffraction measurements of pristine and pressurized
samples were performed at the P08 beamline of PETRA III at
the German Electron Synchrotron (DESY) in Hamburg with a
beam energy of (25.054 ± 0.005) keV (λ = 0.49467 Å) and a
total flux at the sample of 1012 ph/sec, and an X-ray spot size
of ∼ 50 µm in diameter. The energy selection was accomplished
by using a double-crystal monochromator with Si single crystals.
A compound of refractive beryllium lenses was used to collimate
the beam [44]. Samples (usually inside a DAC) were mounted on
a movable sled on a high-precision 6-circle diffractometer NZD-3
(Kohzu) (see Fig. 3.10). Additionally to the 6 rotations, 3 motors
controlled the xyz position of the high-precision sample stage.
The sample stage has a resolution of 0.2 µm in the movements
of x , y , and z. The Debye-Scherrer rings were recorded with a
Perkin-Elmer detector with a 16 bit digital resolution of 200 µm
pixels and an image size of 2048×2048 pixels. A typical diffrac-
tion image is shown in Fig. 3.9. Depending on the opening angle
of the DAC, diffraction patterns could be measured up to 30 ◦ of
2θ . The sample to detector distance was 390 mm. The diffraction
image was integrated into two-dimensional patterns with the program Fit2D [76], and the configuration
parameters of the experimental setup were calibrated with a cerium dioxide (CeO2) standard. XRD pat-
terns were refined by the Rietveld method using the MAUD [77] and GSAS [78] software.
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4 Pre-experiments
Figure 4.1: Crystal structure of corundum.
4.1 Ruby as pressure gauge
Ruby is the chromium containing variety of aluminum oxide (Al2O3), also called corundum. The
crystal structure of Al2O3 can be described as trigonal or hexagonal. The structure is like a closed packed
stacking of oxygen layers with Al ions occupying two thirds of the octahedral interstitial between the
layers [79]. This means that one aluminum ion sits in the center of a slightly distorted octahedron
formed by six oxygen ions. Only 2
3
of the octahedrons are occupied by Al ions. For corundum to become
ruby, the vacant Al positions are occupied by the Cr3+ ions causing the red coloring and fluorescence of
ruby. The positions of the Cr ions are only slightly shifted to the positions of the Al ions due to the larger
ionic radius [80]. The typical fluorescence of ruby (Al2O3:Cr
3+) has become the most prominent optical
pressure sensor for high-pressure experiments in combination with diamond-anvil cell (DAC) techniques
[61, 81, 66]. The ruby pressure calibration scale originally developed by Mao et al [66, 65] has been
extended and refined by others [67, 82, 83] and is nowadays a well-established pressure gauge.
To apply ruby as pressure gauge in this study, it is mandatory to verify if irradiated crystals still provide
reliable pressure calibration. Therefore, the fluorescence properties of ruby irradiated with swift heavy
ions, both at ambient and high pressure conditions, were investigated.
In our case, we investigate the photoluminescence of ruby where energy is transferred to the outer
electrons of the ruby by the photons of the incoming light. The outer d3-electrons (which are bound
to the Cr) can be excited to either the 4T1 or
4T2 level from which they decay quickly (in a few nano-
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Figure 4.2: Schematic of the full energy level scheme of Cr3+ in ruby. The lowest energy free-ion
multi-electron state of Cr3+ is a high-spin state (4F). Absorption via U and Y bands in combination with
phonon-assisted relaxation leads to the population of the excited 2E state [79].
seconds) to a long-lived metastable 2E state via phonon emission. From there, they decay (radiative
lifetime 4 ms at 330 K [84]) back to the ground state 4A2 causing the so-called R-line emission of
692.3 nm. The trigonal site distortion in combination with spin-orbit interaction results in an addi-
tional splitting of the 2E level leading to the well-known R1-R2 splitting [85] (∆R12 = 29 cm−1) [79].
Figure 4.3: SEM image of a ruby sphere. The
inset shows three ruby crystals mounted in-
side a DAC at 8 GPa.
The resulting fluorescence spectra therefore consist of
two individual lines (λ(R1) = 694.28 nm and λ(R2) =
692.85 nm), with halfwidths of ∼0.67 nm for R1 and
∼0.55 nm for R2 at room temperature [79, 86].
Under pressure, the R-line fluorescence experiences a
pronounced redshift. While the R1-R2 splitting remains
almost constant under uniform hydrostatic pressures at
room temperature, it is contrariwise highly sensitive to
non-hydrostatic stress conditions [87, 88, 89]. In the
past, the pressure-induced shift of the R1 fluorescence
band was carefully calibrated against various equations
of state [66]. To date, the fluorescence signal of ruby
is the most commonly used optical pressure gauge for
DAC experiments up to the megabar pressure regime
[90, 91].
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In a DAC, the rubies used for pressure calibration, are placed next to the sample and are exposed to
the same ion dose during sample irradiation. A pressure change inside the cell after irradiation can be
a first indicator for possible changes in the material. Therefore, it was important to look at the radia-
tion response of ruby with emphasis on its application as pressure gauge. Irradiation experiments were
performed at ambient conditions at the UNILAC with standard ruby spheres, commonly used for pres-
sure calibration, and additionly with oriented samples. Other experiments concentrated on the radiation
response of ruby irradiated at high pressure, and on the pressure behavior of pre-irradiated samples.
4.1.1 Irradiations at ambient conditions
For exposure at ambient pressure, several small ruby spheres (∼10-30 µm in diameter, with ∼3600
ppm Cr3+) [86] were packed in between 10-µm thick aluminum foils and irradiated at the Universal
Linear Accelerator (UNILAC) of GSI with a pulsed beam (50 Hz) using different ions (132Xe, 197Au, and
238U) of kinetic energy 11.1 MeV per nucleon (MeV/u). Fluences ranged from 1×1011 up to 1.8×1013
cm−2 for Au ions and 1×1013 cm−2 for Xe and U ions. According to the SRIM code [22], the ions have a
range of about 60 µm in ruby, thus completely penetrating the samples. The stopping process of the ions
is dominated by electronic excitation, i.e., so-called nuclear energy loss via elastic collisions of projectiles
with atomic cores of the sample can be neglected. The average electronic energy loss (dE/dx)e in the
sample is (25 ± 1.5) keV/nm for Xe, (37 ± 1.9) keV/nm for Au, and (48 ± 2.3) keV/nm for U ions.
All irradiated rubies were analyzed by measuring the position and FWHM of the laser-excited fluores-
cence R1-R2 doublet, using a cooled CCD detector of a commercial Raman spectrometer (Horiba Jobin
Yvon HR800) with a spectral resolution of about 0.01 nm. The excitation was performed with light of
a red He-Ne laser line at λ = 632.8 nm. To reveal structural changes, rubies exposed to Au ions were
additionally investigated by Raman spectroscopy using a blue excitation wavelength of 488 nm also with
Raman spectrometer by Horiba at the department of Edelsteinforschung of the University of Mainz. All
measurements were performed at room temperature.
Because of the very strong fluorescence of ruby in the visible red region, the Raman spectra were mea-
sured with a blue excitation wavelength of 488 nm. Still, a strong background due to the fluorescence
was overlaying the Raman signal. All Raman spectra shown are therefore background subtracted. The
Raman spectra shown in Fig. 4.4 give clear evidence of ion-beam induced structural changes above a
fluence of 1012 ions/cm2 where track overlapping sets in. Ruby has two A1g and five Eg vibration modes
that are Raman active [92]. The intensities of the bands vary strongly for different polarizations [93].
Fig 4.4 shows the Raman spectra for unoriented rubies with randomly polarized excitation light, there-
fore showing all 7 bands. A1g bands are at 418 and 645 cm
−1, Eg bands are at 378, 432, 451, 578,
and 751 cm−1 [93]. With increasing fluence, the most prominent Raman bands at 417 and 379 cm−1
Table 4.1: Electronic energy loss of various ions in ruby calculated by SRIM 2008 [22].
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Figure 4.4: Raman spectra of unoriented rubies irradiated with 11.1 MeV/u gold ions. The bands
broaden and strongly decrease in intensity indicating loss of crystalline structure.



















Figure 4.5: Ruby luminescence double-line spectra (R1 and R2) after irradiation with various fluences of
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Figure 4.6: Position of the R1 and R2 lines versus fluence for Xe, Au, and U ions. Open symbols represent
ambient irradiations of unoriented rubies. Colored (full) symbols show unoriented rubies irradiated at
selected high pressures. The lines are exponential fits to the data.
broaden (swallowing the adjacent bands) and decrease in intensity. This trend is a typical indication for
the softening of the lattice structure and beginning amorphization [94].
The evolution of the luminescence spectra of unoriented ruby crystals exposed to 11.1 MeV/u Au ions
(Fig. 4.5) is similar. With increasing fluence, the line doublet decreases in intensity, broadens, and
shifts to lower wavelengths. The induced change of the peak position (Fig. 4.6) and FWHM (Fig. 4.7)
was evaluated for the different ion irradiations. Each data point represents the mean value of several
measurements. For a given fluence, 5-10 rubies were evaluated, testing several areas of each crystal.
The shift as well as broadening of the R1-R2 line evolve in the same manner, being most pronounced
for U ions and scaling with the energy loss of the different ions (U > Au > Xe). The splitting of the
two lines increases slightly with fluence, which is probably due to a non-hydrostatic stress situation
inside the sample induced by the ion beam [95]. A shift of the luminescence lines of ruby crystals
irradiated with ions of similar mass and energy has been reported earlier by Skuratov et al. [96, 97, 98].
However, the shift was towards lower energies, in contrast to our finding. The origin of this discrepancy
is not quite clear but we assume that the specific sample and irradiation geometry, e.g. the use of
oriented, thick samples and different irradiation conditions, has a strong influence on the resulting stress
configurations. In the experiments described here, the ions are completely penetrating the small ruby
spheres. This is the same situation when ruby crystals are inserted as pressure gauges in DACs. Complete
irradiation allows beam-induced structural changes to relax by volume expansion, leading to a decrease
in internal pressure. In contrast, thick crystals (range  sample thickness) from Skuratov et al. are
exposed only partially, so that compressive stress is built up, in particular at the interface of irradiated
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Figure 4.7: FWHM of the R1 and R2 lines versus fluence for Xe, Au and U ions. Open symbols represent
irradiations of unoriented rubies at ambient conditions. Full (colored) symbols correspond to samples
irradiated at high pressure. The lines are exponential fits to the data.
and unirradiated material, and the crystal thus experiences different stress components. While internal
stress resulting from radiation damage is known from different investigations [99, 100, 101], geometrical
effects on the resulting stress field have to be clarified by dedicated future experiments.
Pressure gauge applications of ruby crystals commonly use the position of the R1 line for calibration.
From our irradiation with 1×1013 U/cm2, the maximum radiation induced effect shifts the R1 line from
(694.29 ± 0.02) to (693.95 ± 0.05) nm. This shift by 0.34 nm corresponds to a deviation of almost
1 GPa (10 kbar) from its actual pressure value using the parameterized relationship given by Mao et
al. [66]. In the hydrostatic regime (for which these results are most interesting), this uncertainty can
range from 10 % at 10 GPa up to almost 50 % at 2 GPa. To compensate for this radiation effect, and the

















with A = 1904 and B = 7.665 [66]. The correction term " = D∞
 
1− e−σΦ [nm] accounts for the radi-
ation damage, assuming a single-impact process [103, 104], i.e. each ion impact produces a cylindrical
track with a damage cross section σ. The ion fluence is given by Φ. The contribution due to damaged
material increases linearly in the low-fluence regime and saturates due to track overlapping at higher




















Figure 4.8: Relative shift of the R1 line vs. fluence and " fits according to Eq. 4.1 for Xe, Au, and U ions.
± 0.02 nm. For both lines, the saturation values for the different ions show the following correlation







where the index max applies to the maximum saturation and energy loss value from the uranium irra-
diation with dE
dx
(U) = 48 keV
nm
. Fitting the equation for ε to the line shift data yields D∞(R1) of 0.25 ±
0.02 nm and 0.168 ± 0.02 nm for Au and Xe ions, respectively. The direct relation between the energy
loss and D∞ makes it possible to predict the pressure correction term for any other ion beam. Fitting "
to the line-shift data also allows us to deduce the damage cross section (see Fig. 4.8), yielding a σ of
(5.30 ± 0.89) ×10−13 cm2, (1.28 ± 0.23) ×10−13 cm2, and (1.0 ± 0.2) ×10−13 cm2 for U, Au, and Xe
ions, respectively. These values correspond to a track radius of about 4.0 ± 0.5 nm (U), 1.9 nm ± 0.4
nm (Au), and 1.6 nm ± 0.4 nm (Xe).
4.1.2 Ruby irradiation under pressure
Because the behavior of materials simultaneously exposed to high pressure and heavy-ion irradiation
can deviate strongly from that occurring under irradiation at ambient pressure [105, 106, 8], Figs. 4.6
and 4.7 include also experimental data from rubies irradiated at high-pressure conditions in a diamond
anvil cell (see Fig. 3.7). Pressures ranged from 5 to 23 GPa for four different ions (full symbols). The
additional pressure exerted on the ruby during irradiation seems to influence the R-line positions only
marginally compared with the shifts caused by radiation damage. Data from the irradiation series with
gold ions at a fixed fluence of 1×1012 ions/cm2 and different pressures (5, 7, and 22 GPa) are shown
as green stars in Figs. 4.6 and 4.7. The R1 shifts for all three pressures coincide. Also the other high-
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Figure 4.9: Postions of the R1 and R2 fluorescence lines as a function of applied fluence (11.1 MeV/u
Au ions).  represents samples with surface irradiated parallel and Ê samples with surface irradiated
perpendicular to the c-axis. The red dashed lines show the fits for unoriented samples irradiated under
the same conditions.
pressure irradiation data (Xe at 1.5 (5.4 GPa) × 1012 ions/cm2 and U at at 1.5 (23 GPa) and 6 (10 GPa)
×1012 ions/cm2) conform to the results of ambient irradiations. We thus conclude that the simultaneous
exposure to pressure during irradiation has no significant additional effect, neither on the shift nor on
the broadening of the fluorescence lines.
4.1.3 Irradiation of oriented ruby crystals
Irradiation experiments were also performed on two polished ruby plates of crystallographic (0001)
and (1120) orientation. The irradiation was performed perpendicular (Ê) and parallel () to the c-
axis, applying the same beam conditions (11.1 MeV/u Au ions) as for unoriented rubies. The data of
both oriented samples are shown in Figures 4.9 and 4.10. In contrast to the randomly oriented ruby
spheres (visualized by the dashed red line), the rubies irradiated parallel to the c-axis () show almost
no response to irradiation, whereas the effect for the ruby irradiated perpendicular to the c-axis (Ê) is
even stronger than for unoriented crystals for both luminescence lines. This behavior is visible for both
lines but more pronounced for the R1 line.
Obviously, the line shift as well as FWHM depend strongly on the crystal orientation. The increase of
the R1-R2 splitting observed for unoriented rubies (Fig. 4.5) is probably an indication of the same effect
given by the anisotropic response of the ruby crystal orientation with respect to the incidence of the ion
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Figure 4.10: FWHM of the R1 and R2 fluorescence lines as a function of fluence (11.1 MeV/u Au ions).
 represent samples irradiated parallel and Ê irradiated perpendicular to the c-axis. The dashed red
lines show the fits for unoriented samples irradiated under the same conditions. The solid black lines are
exponential fits to the data.
account the lattice structure of ruby. Since the lattice constant c = 12.99 Å is almost three times as large
as the other constant a = 4.76 Å) [79], the structural damage along the c axis is less pronounced.
4.1.4 High pressure behavior of irradiated rubies
For a quantitative validation of irradiated rubies as pressure gauge, the position of the R1 line was
monitored as a function of pressure. For comparison, pre-irradiated (Au ions, 11.1 MeV/u) and pristine
rubies were placed inside the sample chamber of a symmetric DAC. A mixture of 16:3:1 methanol-
ethanol-H2O, used as pressure medium, ensured hydrostatic conditions inside the cell up to ∼10.5 GPa
[58]. The pressure was increased in multiple steps up to 10 GPa and was monitored by the pristine
ruby crystals. Because of the optical transparency of diamond, the fluorescence spectra can easily be
measured through the anvil of the DAC. Figure 4.11 displays the differences of the R1-line positions of
pre-irradiated and pristine (R01) ruby as a function of pressure for various fluences and crystal orienta-
tions. Up to a fluence of 7×1011 Au/cm2, the R1-R01 difference is negligible and therefore not plotted. For
higher fluences, R1-R
0
1 becomes significant but remains independent of the applied pressures up to flu-
ences of 6×1012 Au/cm2 (stars), and independent of the crystal orientation and the previously reported
anisotropy (, Ê). Remarkably, for 1.0 and 1.8×1013 ions/cm2, the influence of pressure becomes sig-
nificant. At ambient pressure, the (R1-R
0
1) wavelength difference is -0.21 nm. With increasing pressure,
(R1-R
0
1) approaches zero, changes its sign at ∼ 5 GPa and reaches 0.2 nm at ∼ 9 GPa. We ascribe this
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Figure 4.11: Shift of the R1-line position of irradiated rubies with Au ions compared with that of pristine
crystals (R01) as a function of pressures. Black, open symbols represent oriented ruby crystals. The lines
are guides to the eye.
effect to severe structural damage. At such high fluences, completely disordered layers appear and the
crystals are partially amorphized [100].
4.1.5 Summary
In summary, the results show that heavy-ion irradiation of ruby causes a shift to lower wavelengths as
well as a broadening and slight splitting of the two luminescence lines. Samples irradiated perpendicular
to the c-axis display a stronger radiation response than those exposed to the beam at random crystal
orientation. The effect is negligible for irradiations parallel to the c-axis. Quantitatively, the line shift
depends strongly on the electronic energy loss of the ion, being more pronounced for U than for Au and
Xe ions. Pressure additionally applied during irradiation does neither enhance nor lessen the effect but
follows the same trend. For fluences up to 1×1012 ions/cm2 (for Xe, Au) and 1×1011 (for U), the shift is
negligible.
Radiation effects induced in ruby should be considered above 1×1012 ions/cm2. For a fluence of 1×1013
U-ions/cm2 the pressure underestimate is ≥ 1 GPa. The deviation can be taken into account by inserting
a correction term (D∞
 
1− e−σΦ) in the standard calibration formula. Our results on ion-irradiated
ruby crystals demonstrate that the luminescence lines of Cr dopants are suitable probes for providing
in-situ damage and stress accumulation. This approach may open new perspectives to monitor damage
and stress development and thus provide important information on material changes exposed to high
energy ion bombardment.
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5 Results and Discussion
5.1 Zirconia (ZrO2)
Figure 5.1: Unit cells for four different structures of ZrO2, monoclinic, tetragonal, orthorhombic I, and
orthorhombic II (cotunnite). The picture is taken from [107].
Zirconia or zirconium dioxide (ZrO2), first investigated by the German chemist Martin H. Klaproth in
1789, has become one of the most commonly used ceramics [108]. Zirconia has five known structural
formations depending on pressure and temperature of the material. The structural configurations of four
different crystalline phases of ZrO2 can be seen in Fig. 5.1.
5.1.1 Phase transitions in ZrO2
At ambient pressure and temperature conditions, zirconia exits as a white powder in its monoclinic
(also called baddelyte) phase. At temperatures around 1170 ◦C, zirconia transforms into its tetragonal
high-temperature form accompanied by a density increase of ∼ 4 % [109]. At 2370 ◦C, a transformation
into the cubic structure occurs before it melts at around 2750 ◦C [110, 10].
Zirconia also exhibits two high-pressure phases, but although numerous groups (e.g. [111, 112, 113,
114, 115, 116]) performed high-pressure experiments on this material, the exact boundaries are not
certain, which probably arises from the fact that high pressure transitions often occur quite sluggishly
and are not easily detected.
5.1.1.1 monoclinic→ orthorhombic I transition
At pressures between 4 and 7 GPa, a transition from monoclinic to the first high-pressure phase or-
thorhombic I (space group Pbca) with a polyhedral coordination of seven takes place [117, 112]. This
41
Figure 5.2: Phase diagram of ZrO2 taken from
Ohtaka et al [117].
Figure 5.3: Phase diagram of ZrO2 taken from
Bouvier et al [118].
displacive transition is very sluggish at room temperature and depends on the crystallite size. Even at
pressures around 10 GPa and room temperature, remains of the monoclinic phase are still detectable.
The orthorhombic I phase is not quenchable to ambient conditions.
5.1.1.2 orthorhombic I→ orthorhombic II transition
At elevated temperatures > 600 ◦C, the transition into the second high-pressure phase orthorhombic
II (space group Pnma) polyhedral coordination of nine [114] takes place at 12.5 GPa [117, 119, 111]
and is quite temperature independent. One has to point out that at temperatures > 600 ◦C the transition
starts from the high-temperature tetragonal phase and is therefore not really an o I→ o II transition. At
room temperature, depending on the literature source, the transition occurs between 22 GPa [120, 118],
25 GPa [121], 28 GPa [113], 30 GPa [119, 114], and 35 GPa [112]. Because the ortho-I → ortho-II
transition is of a reconstructive type [122], it is not surprising that it becomes increasingly sluggish at
ambient temperature and usually an excess pressure of 10 GPa is needed for a full transformation [117].
This additional energy investment results in the fact that the orthorhombic II phase, once produced,
is quenchable to ambient pressures [117, 119, 122]. The ortho-I → ortho-II transformation requires
a significant reorganization of the cation and anion sublattices, increasing the coordination number of
Zr4+ from seven to nine and therefore being kineticly slow to the point of being frozen at room tem-
perature [114]. But also thermodynamic effects may play a role as ab initio calculations indicate that
the orthorhombic II structure lies at a lower energy level than the monoclinic phase [123, 124]. Ex-
perimental and theoretical studies revealed that the ortho-II structure has a very large bulk modulus
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crystal structure lattice group lattice parameter [Å] density [g/cm3]
monoclinic a = 5.296
a 6= b 6= c P21/c b = 5.094 5.7
α= γ = 90◦ c = 5.326
β > 90◦ β = 99.3◦
tetragonal a = 3.608
a = b 6= c P41/nmc c = 5.187 6.1
α= β = γ = 90◦
cubic
a = b = c Fm3m c = 5.128 6.3
α= β = γ = 90◦
orthorhombic I a = 10.1745
a 6= b 6= c Pbca b = 5.3148 6.8
α= β = γ = 90◦ c = 5.1357
orthorhombic II a = 5.6140
a 6= b 6= c Pnma b = 3.3474 -
α= β = γ = 90◦ c = 6.5658
Table 5.1: Structural data of all five solid-state phases of ZrO2 [127, 120, 107, 124, 117, 128, 110].
between 300 and 400 GPa [121, 120, 13] making it a good candidate for a new superhard material
[13, 117, 125, 126]. The structural phase behavior of ZrO2 is displayed in two pressure-temperature
phase digrams in Figures 5.2 and 5.3. The characteristics of all known solid-state phases are listed in
Table 5.1.
5.1.2 Stabilized zirconia and its applications
Besides the structural variety which makes zirconia interesting for structural investigation, ceramics
made out of ZrO2 are one of the most important functional materials of this time [129]. Some of the
main properties which make ZrO2 so interesting are e.g. the high fracture toughness, the low thermal
expansion, high refractoriness, high resistance to wear and corrosion, and many more [130]. The appli-
cations of zirconia ceramics are therefore numerous. Due to its high bending and tensile strength, it is
used e.g. as cladding material for plane turbines and as cutting material in knife-blades [129, 131]. Even
the medical sector discovered the great advantages of zirconia ceramics and uses them as bio-ceramic
implants, e.g. for hip and hip-joint prostheses [132, 133]. Beside the high strength and low brittleness,
the fact that zirconia is chemically inert plays an import role. Also most tooth implants consist of zir-
conia ceramics due to the white color imitating the color of natural teeth. Next to all these industrial
applications, there is one especially important possible application. Because of the low response towards
radiation, zirconia ceramics are used, e.g., as inert fuel matrix in nuclear reactors [12, 134, 135, 136],
and as containment material for radioactive waste [10, 134], as cladding material e.g. in combustion
chambers, and nuclear fuel assemblies in pressurized water reactors [137].
The fact that the high-temperature phases (tetragonal and cubic) have a higher density than the am-
bient temperature phase (monoclinic) restricts the use of monoclinic zirconia for high-temperature ap-
plications. Upon cooling from the tetragonal to the monoclinic phase, which occurs at ∼ 950 ◦C, the
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volume expansion of ∼ 4 % [109] accompanied by a shear strain of ∼ 0.16 [138] causes ZrO2 to crack.
Therefore, ZrO2 is often stabilized in its high-temperature forms by adding soluble oxides such as Y2O3
(mostly used), MgO, CaO, and Ce2O3, which suppress the transformation into its monoclinic structure.
Yttrium oxide not only serves as a stabilizer but creates oxygen vacancies for every unit of the Y2O3
dopant causing a high oxygen ion conductivity [139]. The oxygen vacancies displace any oxygen ion
from the equilibrium position in the tetragonal phase, so that the tetragonal → monoclinic transforma-
tion is suppressed [140]. Depending on the amount of dopant, either the tetragonal or the cubic phase
is stabilized. At ∼ 3 mol %, the tetragonal phase is stabilized, being called partially stabilized zirco-
nia (PSZ). For dopant concentration higher than 8 mol % the cubic structure is predominant, which is
called fully stabilized zirconia (FSZ). The oxygen ion conductivity reaches its maximum at concentrations
around 9 mol % and decreases rapidly with increasing Y2O3 concentration [141]. This is because at con-
centrations below 10 mol % the oxygen vacancies are preferentially located at zirconium ions, whereas
at higher concentrations they start to form around the yttrium ions [142]. In the 1970s and 1980s, it was
discovered that the transformation from the tetragonal to monoclinic phase may be enhanced by con-
trolling the structural properties such as strength and fracture toughness of the material [138]. The t→
m transition is associated with volume expansion, but due to the strength of the stabilized tetragonal or
cubic zirconia it is prevented to do so. If stress is applied to stabilized zirconia it might create a crack tip
that causes the transformation into the monoclinic phase accompanied by volume increase. This volume
increase then compresses the crack, retarding its growth, and enhances the fracture toughness of ZrO2
[143]. This mechanism is called transformation toughening. Such transformation-toughened ceramics
are often referred to as ceramic steel for the strain and stress response is similar to that of steel [144]. To
date, ZrO2-based ceramic alloys have been demonstrated to be the strongest and toughest (single-phase)
oxide ceramics yet produced [138].
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5.1.3 Irradiations at ambient pressure
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Figure 5.4: Raman spectra of ZrO2 irradiated at
ambient pressure with 11.1 MeV/u Au-ions for
various fluences.


















Figure 5.5: Raman spectra of ZrO2 irradiated at
ambient pressure with 11.1 MeV/u U-ions for var-
ious fluences.
At ambient pressure, the radiation response of zirconia has been extensively studied for low-energy
ions at room [145, 146, 147, 137] and cryogenic [136] temperatures as well as for swift heavy ions
[3, 148, 149, 150, 151, 152, 153]. All cited experiments showed that for very high ion fluences a
structural phase transition from the monoclinic to the high-temperature tetragonal phase occurs. For
experiments performed with low-energy ions in the nuclear stopping regime (e.g. Ge, Kr, or Xe-ions of
energy around 300 keV), the transformation occurs only in a surface layer of few hundred nm [137] and
requires fluences around 1018-1019 ions/cm2 [145]. For swift heavy ions with electronic stopping (Ni,
Ge, Kr, I, and Xe of energies up to about 10 MeV/u), the monoclinic → tetragonal transition requires a
critical energy loss of 13 keV/nm [154] and saturates at much lower fluences ≥ 1×1013 [148] than for
beams in the elastic collision regime. Compared to the earlier results, all irradiations presented in this
thesis were performed with heavier ion species such as Xe, Au, Pb, and U plus complementary light ions
(Cr and Ni). For the irradiation at ambient pressure, powder samples (purchased from Sigma-Aldrich™)
were fixed on thin indium foils. During ion-beam exposure, the flux and fluence were controlled via a
secondary electron transmission monitor (calibrated against a Faraday cup) that reduces the initial beam
energy to 11.1 MeV/u. The range of all tested ions in ZrO2 is ∼ 60 µm [22]. The ion flux was limited to
∼ 2 - 5×108 ions/cm2 to avoid excessive macroscopic sample heating. The fluence series covered values
from 1×1011 ions/cm2 up to 1×1013 ions/cm2. The electronic energy loss (dE/dx)e within the sample is
10 keV/nm for Cr at 4.8 MeV/u, 9 keV/nm for Ni, 28 keV/nm for Xe, 40 keV/nm for Au, 42 keV/nm for
Pb, and 53 keV/nm for U ions, calculated with the SRIM 2008 code [22]. Except for Cr, all irradiations
were performed with an initial ion energy of 11.1 MeV/u. All irradiation parameters are listed in Table
5.2.
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Ion Eini t (dE/dx)e Fluence Φ Pressure Initial Final Radius
(GeV) (keV/nm) (ions/cm2) (GPa) structure structure (nm)
macro-crystalline ZrO2
238U 2.64 53 0.05 - 1.0×1013 ambient mono tetragonal for Φ≥ 5×1012 5.3
208Pb 2.31 42 0.05 - 7.5×1012 ambient mono tetragonal for Φ≥ 7×1012 4.4
197Au 2.19 40 0.05 - 1.8×1013 ambient mono tetragonal for Φ≥ 1×1013 4.0
132Xe 1.46 28 0.05 - 1.0×1013 ambient mono tetragonal for Φ> 2×1013 2.8
59Ni 0.66 9 0.05 - 2.0×1013 ambient mono no transition induced —
52Cr 0.25 10 0.05 - 1.0×1014 ambient mono no transition induced —
nano-crystalline ZrO2
238U 2.64 53 0.07 - 1.0×1013 ambient mono tetragonal for Φ≥ 5×1012 5.4
208Pb 2.31 42 0.05 - 1.8×1013 ambient mono tetragonal for Φ≥ 7×1012 4.4
Table 5.2: Irradiation parameters for all samples irradiated at the UNILAC at ambient pressure condi-
tions.
Raman spectra of ZrO2 irradiated at ambient pressure with various fluences of Au and U ions are
displayed in Figs. 5.4 and 5.5. Pristine ZrO2 has 14 dominant Raman lines at 100, 178, 190, 222, 305,
334, 348, 382, 476, 503, 537, 560, 616, and 640 cm−1 corresponding to the low-symmetric monoclinic
structure. For fluences up to 1×1012 ions/cm2 the Raman spectra remain almost unchanged. At fluences
around 2×1012 ions/cm2, small modifications become visible, such as the decrease of the band at 100
cm−1 and merging of the double-band structures at 340, 550, and 630 cm−1. At 5×1012 ions/cm2
for U and 5×1012 ions/cm2 for Au ions, new broad bands appear (indicated by the dotted lines in
Figs. 5.4 and 5.5) at 148, 265, 465, and 640 cm−1 which are assigned to the tetragonal phase of ZrO2
[148, 155, 153]. For Au and U ions, the transformation mainly proceeds in a fluence regime between
1×1012 and 1×1013 ions/cm2, with marginal further changes at higher fluences. For lighter ions, such
as Xe with an electronic energy loss almost two times lower than that of U, the fluence needed for
saturation is much higher. For 1×1013 Xe-ions/cm2, only ∼ 17 % of the sample volume changed into
the tetragonal structure. For even lighter ions (Cr, and Ni), no transformation could be observed even
at a fluence of 1×1014 Cr-ions/cm2. This agrees with previous results by Benyagoub et al. who showed
that the electronic energy loss needs to be above a threshold value of 13 keV/nm [3, 156]. Because the
electronic energy losses of Ni (at 11.1 MeV/u) and Cr (at 4.8 MeV/u) are only 9 keV/nm and 10 keV/nm,
respectively, no transformation is expected to occur. If a transformation occurred, we always identified
a small contribution of the monoclinic phase. For the sample irradiated with 1×1013 U-ions/cm2, e.g.,
the tetragonal fraction is limited to (90.1 ± 4.4) %. In agreement with previous measurements [106, 3],
the transformation from monoclinic to tetragonal is obviously never completed. It is important to point
out that the tetragonal structure of ZrO2 obtained by simple temperature increase is not stable at room
temperature. Therefore, the production route via ion irradiation is in that sense unique that it can not
only provoke the transformation from monoclinic to tetragonal, but that this high-temperature phase is
stabilized down to ambient temperature and can be measured even years after the irradiation.
Complementary X-ray diffraction measurements were performed on samples irradiated with 11.1
MeV/u U-ions (Fig. 5.6). Because the samples are very small, all X-ray measurements of samples ir-
radiated under ambient conditions were performed at the DESY (P08-beamline) inside the gasket of a
DAC (diameter ∼ 200 µm) serving as sample holder. The pristine sample exhibits its strongest peaks
at 8.95 ◦ corresponding to the [-111]m reflex, and at 9.97 ◦ corresponding to the [111]m reflex of the
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Figure 5.6: X-ray spectra of ZrO2 irradiated at ambient pressure with 11.1 MeV/u U-ions for various
fluences (same sample as in Fig. 5.5).
monoclinic structure. The calculated lattice parameter for pristine ZrO2 are a = (5.296 ± 0.006) Å, b
= (5.094 ± 0.007) Å, c = (5.326 ± 0.006) Å, and an angle β = 99.40 ◦. Similar to the Raman data,
for fluences ≥ 1×1012 U-ions/cm2 the monoclinic bands start to deteriorate and a new reflex at 9.60 ◦
appears which belongs probably the [101]t reflex of the tetragonal phase. Unfortunately, the cubic and
the monoclinic phases of ZrO2 display a very similar diffraction pattern making it almost impossible to
distinguish between these two structural phases [157]. For both structures the strongest peak lies at
9.60 ◦ and could therefore correspond not only to the [101]t reflex of the tetragonal phase, but could
also be the [111]c reflex of the cubic phase. Also the higher diffraction peaks are located at similar
positions. Usually, the two phases can be distinguished by the splitting peak around 11.17 ◦ into two
individual peaks belonging to the [110]t at 10.94
◦ and [002]t at 11.13 ◦ of the tetragonal phase. Also
at larger diffraction angles, a double peak e.g. [211]t and [103]3 at around ∼ 18.5 ◦ corresponds to
the tetragonal structure. Although no amorphization occurs in ZrO2 during irradiation, the very high
fluences induce strain or possibly nano-crystallization inside the sample, causes a broadening of the
diffraction reflexes. Unfortunately, unambiguous identification of these two phases is also very difficult
by Raman spectroscopy, because the Raman band of cubic ZrO2 expected at 620 cm
−1 is buried below the
broad band at 640 cm−1 from the tetragonal structure. Probably, some fraction of the material changes
into the cubic phase, but since the Raman signal definitely indicates tetragonal, we assume that this is
the predominating structure after ion irradiation. The calculated lattice parameters for the tetragonal
structure are a = (3.592 ± 0.006), and c = (5.153 ± 0.013) Å. ZrO2 is one of the rare materials in which
the high-temperature phase has a higher density than the room temperature phase, which leads to the
fact that the monoclinic→ tetragonal transition is accompanied by a density increase of ∼ 5 % [109].
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5.1.4 Transformation mechanism: nano-crystallization vs. strain
Two possible mechanisms for the radiation induced transformation are discussed: lowering of the
transition temperature due to nano-crystallization or local strain within the sample.
Several investigations have shown that the phase transition behavior of nano-crystalline materials can
differ strongly compared to bulk material. The particle size can change the stability of structural phases
not only at ambient conditions but also at high pressure [157]. Usually, the temperature needed for
the different phase transitions decreases with decreasing grain size [158]. The same behavior can be
observed for ZrO2. With decreasing grain size, the ZrO2 sample changes from monoclinic to tetragonal
at room temperature. The lower transition temperature is due to the competition between surface energy
and bulk energy. This changes the volumetric and surface enthalpy and entropy as well as the interfacial
energy and strain [159]. Although monoclinic ZrO2 has the lower free energy at room temperature, its
surface energy (σ) is higher than that of the tetragonal phase (σm = 1.46 J/m
2 and σt = 1.1 J/m
2 for
incoherent and σt = 0.55 J/m
2 for partially coherent interfaces) [160, 161]. Garvie et al. postulated
that, when the two phases are at equilibrium, their free energies must be equal and can be expressed by




pir3(ψ−ψ′) + 4pir2(σ−σ′) + 4
3
pir3(ε− ε′) != 0 (5.1)
• rc = radius of a microcrystal
• ψ = free energy per unit volume of a crystal with infinite size
• σ = surface free energy
• ε = strain energy per unit volume for a particle
The first two terms take into account the changes in surface free energy and the last term the change
in mechanical energy, evoked by strain due to the volume change caused by the transformation. One
can see from Eq. 5.1 that for a critical radius rc, ∆G can become zero at a temperature well below the
transition temperature:
rc =− 3∆ψ∆σ+∆ε (5.2)
∆σ is equal to q(1− T/Tb) where q is the heat of transformation per unit volume (-2.82 × 108 J/m3)
and Tb is the transformation temperature of the bulk material (1470 K) [160]. ∆ψ is the difference of
the interfacial energies and lies between 0.36 J/m2 (for incoherent particles) and 0.91 J/m2 (for par-
tially coherent particles). The contribution of the strain energy due to volume change can be estimated
by means of an equation, developed by Davidge at al. [163] for spherical particles in a matrix of different
thermal expansion. This contribution amounts to 4.6 × 107 J/m3 [161]. Inserting all values into Eq.
5.2, we obtain a critical radius between 6.1 and 15.3 nm. However, we still observed the monoclinic
phase in crystals with a diameter of about 20 nm, and Bremholm et al. [164], also reported monoclinic
ZrO2 at a crystallite size of 10 nm. Considering that result, we can say that the crystal size has to be at




Figure 5.7: Left column: REM (a) and TEM (c) and (e) of pristine ZrO2. Right column: SEM (b) and
TEM (d) and (f) of ZrO2 irradiated with 1×1013 U-ions/cm2.
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Figure 5.8: X-ray diffraction spectra of pristine and irradiated (1 × 1013 U-ions/cm2) yttria-stabilized
zirconia (YSZ). YSZ is mainly tetragonal at room condition, the asterisks indicate the bands belonging to
the monoclinic fraction in the sample which has completely vanished after irradiation.
least below 20 nm in diameter to induce a monoclinic → tetragonal phase transition at room tempera-
ture. Therefore, the crystal size of pristine and irradiated ZrO2 powder has been investigated by electron
microscopy, such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
displayed in (Fig. 5.7). SEM images allow an instructive overview over both of the pristine (Fig. 5.7(a))
and irradiated (1× 1013 U-ions/cm2) samples (Fig. 5.7(b)). We estimate an average grain size of around
200 nm. Also TEM (Figs. 5.7(c) and (d)) investigations showed no nano-crystallization effect due to ion
irradiation. Although the grain size did not change, we can see a contrast change in the irradiated sam-
ple (Fig. 5.7(d)). A ripple-like contrast observed in the TEM image is attributed to strain, leading to the
assumption that radiation induced strain might be an explanation for the phase transition mechanism
[165]. TEM images at highest magnification (Fig. 5.7(e)) show a lattice structure proving that after
irradiation the sample is still crystalline and not amorphous. Recent results demonstrated that ZrO2 with
a crystal size of 3 nm, usually resistant to ion irradiation, can be amorphized by irradiation [166]. Sum-
marizing, nano-crystallization could not be observed and can therefore be ruled out as transformation
mechanism. But TEM images of irradiated samples point to stress within the sample as possible driving
force behind the radiation induced phase transformation.
The radiation-induced phase transformation is very likely associated with radiation-produced intersti-
tials or vacancies [167]. Several groups who investigated the radiation induced phase transition for low
as well as high-energy ions [150, 137, 154], explained the mechanism by the production of oxygen va-
cancies. The presence of oxygen vacancies is considered as a requirement for a thermally induced phase
transition [168]. Also in the case of tetragonal zirconia, artificially stabilized by addition of soluble ox-
ides (e.g. Y2O3, MgO, CaO), the structure remains in the high-temperature phase because the dopants
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create an oxygen vacancy for every unit of the dopant. The additional oxygen vacancies displace the
remaining oxygen ions from their equilibrium positions in the tetragonal phase, so that the tetragonal→
monoclinic transformation is suppressed [140]. Under ion irradiation, a large number of oxygen vacan-
cies is produced. If they accumulate to vacancy clusters, the free volume can induce significant stress in
the crystal that may relax via a phase transition [169]. Calculations showed that oxygen vacancies in-
duce a strong local strain field in their neighborhood [170]. It is known that strain promotes the stability
of the phase with the higher density [158], and due to the unique temperature-structure behavior, the
high-temperature tetragonal ZrO2 phase is 0.4 g/cm
3 denser than the monoclinic phase and is therefore
the favored structure under stress. Using Landau’s theory for phase transitions [171], Simeone et al.
[151, 150] explained the transformation mechanism by also considering a local strain field induced by
vacancies. Vacancies lower the critical transition temperature when reaching a certain threshold value.
With respect to the free energy, the new crystalline phase is energetically the most favorable atomic con-
figuration. The finding that significant amounts of ZrO2 transform into the tetragonal phase only after
ion bombarded with relative high fluences suggests that a single particle track does not induce sufficient
defect density and strain to induce the phase switch. A second particle, hitting the same pre-damaged
spot, then triggers the transition from the defective monoclinic structure to the dense tetragonal phase.
To investigate the strain in the sample, we use the X-ray diffraction data displayed in Fig. 5.6. Non-
uniform strain (produced by point defects, plastic deformations, and poor crystallinity) leads to system-
atic shifts of atoms from their ideal positions, causing deviations from ideal crystallinity and therefore
lead to a broadening of the diffraction lines. Information about the microstructure of the material can
be obtained by the analysis of this broadening. The width of a diffraction line can be described either by
the full width at half maximum (FWHM) or, more commonly used, the integral breadth β which is the
total area under the peak divided by the peak intensity. There are three main sources of diffraction line
broadening: the crystallite size broadening (βsize), the strain broadening (βst rain), and the instrumental
broadening (βinst r), so that:
βobs = βsize + βst rain+ βinst r (5.3)
Table 5.3: Integral breadth β for two reflections, calculated microstrain ε, and calculated crystallite size
L for ZrO2 and yttria stabilized ZrO2 (YSZ). The asterisks ∗ indicate that for unirradiated ZrO2 different
diffraction peaks at similar positions were used.
Fluence (ions/cm2) β for [101]t β for [200]t microstrain ε crystal size L (nm)
ZrO2
0 0.094 ± 0.002 0.155 ± 0.003∗ 0.0016 ± 0.0002∗ 120 ± 36
2 × 1012 0.547 ± 0.042 0.759 ± 0.051 0.0092 ± 0.0008 62 ± 9
5 × 1012 0.316 ± 0.036 0.512 ± 0.041 0.0078 ± 0.0006 72 ± 12
1 × 1013 0.315 ± 0.038 0.508 ± 0.048 0.0075 ± 0.0005 75 ± 11
YSZ
0 0.095 ± 0.002 0.181 ± 0.003 0.0022 ± 0.0004 104 ± 33
2 × 1012 0.368 ± 0.039 0.560 ± 0.051 0.0037 ± 0.0006 75 ± 18
5 × 1012 0.368 ± 0.039 0.560 ± 0.051 0.0051 ± 0.0008 68 ± 18
1 × 1013 0.368 ± 0.039 0.560 ± 0.051 0.0053 ± 0.0008 66 ± 19
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The instrumental broadening occurs due to nonideal optics, wavelength dispersion, and detector resolu-
tion, to name a few sources. The size dependence has been first described in 1918 by Paul Scherrer, who






where k is the Scherrer constant, a number that lies between 0.87 and 1.0. For cubic structures, k = 0.9.
λ is the X-ray wavelength and β the integral breadth (in radians 2Θ). In 1944, Stokes observed a line
broadening of a different sort which could be attributed to strained or imperfect crystals. The average









+ 4ε tan(Θ)+ βinst r (5.6)
The Rietveld method combined with Fourier analysis can be used as procedure for simultaneous re-
finement of structural and microstructural disorder parameters [174]. A pseudo-Voigt function is used
to describe the line broadening. The results are then deconvoluted into the gaussian and lorentzian
fractions. It is assumed that the lorentzian component of the peak profile is entirely attributed to the
crystallite size effect, while the gaussian component is connected to microstrain [174]. The evolution
of the integral breadth of the two most intensive peaks of tetragonal ZrO2 ([101]t at 9.6
◦ and [200]t
at 15.7◦) is plotted against the ion fluence for U ions in Fig. 5.9. Because there exists no tetragonal
phase for unirradiated ZrO2, the integral breadth of the irradiated samples is compared to that of the
monoclinic reflections at similar positions such as 10.0◦ and 15.6◦. For additional comparison, commer-
cial yttria-stabilized ZrO2 (8 % Y2O3 doped ZrO2) which already exists predominantly in the tetragonal
phase, was also irradiated with 1×1013 U-ions/cm2 (see Fig. 5.8). The integral breadth and calculated
strain and sample size are listed in Table 5.3. The intergal breadth of the [101]t reflex of ZrO2 irradiated
with 1×1013 U-ions/cm2 amounts to 0.315 ± 0.04, and is therefore more than three times higher than
for the [111]m reflection of pristine ZrO2 which is 0.094± 0.002. The same behavior can be observed for
the reflections at higher angle around 15.6◦. For YSZ, where the reflection of unirradiated and irradiated
material can be compared directly, a similar broadening by a factor of three occurs. Interestingly, the
integral breadth does not simply increase with increasing ion fluence but exhibits a maximum at 2×1012
U-ions/cm2, which is five times as high compared to pristine ZrO2 before saturating for higher fluences.
This leads to the same behavior in the calculated microstrain (see Fig. 5.10).
The microstrain ε, calculated from Rietveld profile parameters for pristine ZrO2, is 0.0016 ± 0.0004
which is comparable to literature values [175]. It then peaks at 0.0092 ± 0.0008 for 2×1012 U-ions/cm2
before saturating at around 0.0075 ± 0.0005. The high ε-value for 2×1012 U-ions/cm2 might be due to





























Figure 5.9: Integral breadth for the [101]t and
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Figure 5.10: Calculated microstrain ε versus ion
fluence for normal and stabilized (YSZ) ZrO2.
the fact that at this fluence we have a mixture of both structural phases in the sample. The continuous
transformation induced by irradiation allows the coexistence of both structures in the same sample.
Domains of the tetragonal structure grow in a monoclinic matrix inducing more stress due to boundary
effects. Since monoclinic and tetragonal ZrO2 have a large density difference (∼ 0.4 g/cm3) and thermal
expansion mismatch [175], an occurrence of both structures in the same sample inevitably leads to
additional strain especially on the domain boundaries. After all of the sample material changed into the
tetragonal form, no phase boundaries remain, reducing the strain contribution only to radiation induced
defects such as vacancies and interstitials. This explains why YSZ, which exists already in the tetragonal
phase before irradiation, shows no enhanced microstrain effect for 2×1012 U-ions/cm2, because no
phase change occurs and the strain increase is only radiation induced. In table 5.3, also the calculated
crystallite size is displayed. Although these values lie lower than for the TEM observations, they are still
large enough (> 20 nm) to exclude that the transformation mechanism is induced by nanocrystallization.
5.1.5 Transformation process
To shed more light on the mechanism of this transformation, Raman spectra of fluence series were
analyzed for samples irradiated with 11.1 MeV/u Xe, Au, Pb, and U ions. To quantify the contribution
of the monoclinic and tetragonal phases, we evaluated the intensity ratios (Xm) of the different Raman
bands at 178, 190, and 148 cm−1. The background was considered by subtracting the baseline between
∼ 125 cm−1 and ∼ 205 cm−1. The monoclinic fraction was calculated by applying the formula by Kim
et al [155]:
Xm =
Im(178 cm−1) + Im(190 cm−1)
Im(178 cm−1) + Im(190 cm−1) + It(148 cm−1)
(5.7)



























Figure 5.11: Concentration evolution of the tetragonal phase versus fluence for four different ion species
(Xe, Au, Pb, U) deduced from the Raman data. The solid curves are the best fit of Eq. 5.9 to the
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Figure 5.12: Concentration evolution of the tetragonal phase versus fluence for Au ions. The solid curves
is the best fit of Eq. 5.9 with n = 2. For comparison, the dotted line represents a fit of Eq. 5.9 with n =
1. The dashed and dash/dotted line are fits for a single ion hit mechanism n = 0 (Eq. 5.8). The dashed
line is a free fit, whereas the dash/dotted line is the best fit with a fixed radius calculated for n = 2.
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For all tested ion species, the tetragonal fraction (100-Xm) in % plotted versus the ions fluence shows a
sigmoidal evolution (Fig. 5.11). Such a sigmoidal behavior is commonly observed for non-amorphizable
ceramics at ambient temperature [104, 169] and typically ascribed to a two-hit process. This is in
contrast to amorphizable materials where each ion impact produces an individual amorphized track of
cross section σ = r2pi and radius r. For such a one-hit process, the fraction of the transformed material
A(Φ) increases with fluence according to the following exponential law described by [103]:
A(Φ) = A(∞)(1− e−σΦ) (5.8)
where σ is the total damage cross-section given as an area, Φ is the ion fluence, and A(∞) denotes the
fraction of transformed material at saturation.
Fitting this formula to our Raman data does not yield satisfactory results (see dotted/dashed lines in
Fig. 5.12). The monoclinic phase of ZrO2 can obviously not be transformed into the tetragonal phase by
a single ion hit but needs pre-damaging by multiple ion impacts. The effect of damage superposition is









For all ion species, we find best agreement with our data for a double-overlap situation (i.e. n = 2)
presented by the solid lines in Figs. 5.11 and 5.12. The results of the fits are A(∞) = (93.7 ± 4.1) %, σ
= (8.69 ± 0.21)×10−13 cm2 for U-ions, A(∞) = (91.3 ± 4.0) %, σ = (6.18 ± 0.32)×10−13 cm2 for Pb-
ions, A(∞) = (89.9 ± 4.7) %, σ = (5.04 ± 0.18)×10−13 cm2 for Au-ions, and A(∞) = (87.7 ± 5.6) %,
σ = (2.29 ± 0.45) ×10−13 cm2 for Xe-ions. As has been reported in the literature (eg. [148, 137]), the
transformation is never complete but saturates around 90 %. Assuming that the damage cross section
σ can be described by a homogeneously damaged cylinder with a cross section σ = pir2, the following
track radii can be deduced: r = (5.3 ± 0.2) nm for U-ions, (4.4 ± 0.2) nm for Pb-ions, (4.0 ± 0.2) nm for
Au-ions, and (2.7 ± 0.3) nm for Xe-ions. The results give evidence that heavy-ion irradiation at ambient
pressure induces a structural change into the tetragonal phase only if the structure is pre-damaged by
complete coverage of ion tracks. For U-ions (r = 5.3 nm), complete track coverage requires fluences
of at least > 1.5×1012 ions/cm2. Above this fluence, each following ion hits an already pre-damaged
region, and transforms the damaged monoclinic structure into the tetragonal phase. This agrees nicely
with the observed results.
5.1.6 Thermal spike calculations
The results from the previous section will be compared to theoretical results obtained by calculations
using the inelastic Thermal Spike Model introduced in chapter 2.1.3.2. To calculate the temporal and
spacial development of the temperature within the sample, numerous physical and thermal properties
(such as thermal diffusivity, melting and boiling temperatures, specific heat capacity and conductivity,
and melting and evaporation heat) have to be known about the target material. The electronic and
atomic systems of the target are considered separately. First, the energy of the incoming ion is transferred
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Figure 5.13: Electron-lattice interaction mean free path λ from thermal spike fitting as a function of the
band gap energy Eg for several crystalline oxide materials. The diagram was taken from [176].
to the electrons of the target. Afterwards, the energy is transferred to the lattice atoms by electron-lattice
interaction leading to a large increase in temperature along the ion trajectory [30]. The thermal process
of the atomic and electronic systems can be modeled by using a cylindrical geometry which looks at
small volumes with a cylindrical shape (from r to r + dr) in a small slice of thickness (dx) along
the ion trajectory. For small dx and an assumed homogeneous energy input, the temperature does
not change in x direction. The temperature gradient exists solely in radial direction. The classical
expression of heat flow can then be described by the two non-linear differential equations (Eq. 2.5 and
2.6). The critical part of the inelastic thermal spike model is the electron-phonon coupling constant
g which is unknown for insulating materials. However, g is linked to the electron-lattice interaction
time τa by the relation τa = Ce/g [177] and to the electron-lattice interaction mean free path λ by the
relation λ2 = Deτa = DeCe/g, where Ce is the specific heat and De the diffusivity [30]. λ defines the
volume in which the energy is deposited, and describes the energy density. Therefore, if the electronic
energy diffusivity decreases, the electron-phonon coupling should also decrease [178]. For an insulating
material, the coupling constant g is set to zero when the electron temperature becomes less than the
lattice temperature. Katina et al. [179] proposed that the energy dissipation in the electronic system
proceeds via the ionization of bound electrons at the periphery of the excited region. The energy stops
spreading when the electron energy becomes smaller than the minimum ionization energy. Therefore,
a link between λ and the band gap energy Eg , which is the minimum ionization energy of an electron
in insulators, can be assumed [30]. Toulemonde et al. [30] used a large set of data for which the
radiation induced damage track radii were known. The λ values were then deduced from fitting of the
track radii and plotted versus the band gap energy of the corresponding material (see Fig. 5.13). As
can be seen from Fig. 5.13, if the band gap energy is larger than 2.8 eV, λ decreases only slightly and
stays in the same region between 4 and 5 nm, suggesting that crystalline insulators behave nearly in the
same way concerning the electron energy transfer towards the atoms [180]. The relation between band
gap and mean free path seems reasonable if one considers that the cooling of hot electrons occurs via
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Figure 5.14: Measured track radii in ZrO2 pro-
duced by Xe, Au, Pb, and U ion irradiation at
11.1 MeV compared to thermal spike calculations
assuming track creation by melting T > Tm for
various mean free path λ.
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Figure 5.15: Measured track radii in ZrO2 pro-
duced by Xe, Au, Pb, and U ion irradiation at
11.1 MeV. The curves correspond to the cylinder
of matter which overcomes the temperature of va-
porization T > Tv calculated for various values of
mean free path λ.
excitation of peripheral cold electrons from the valence band to the conduction band which is directly
linked to the band gap energy [176]. The band gap energy in ZrO2 changes with the crystal structure
but lies between 3.0 and 5.3 eV [181]. For pure monoclinic ZrO2 a band gap energy of 3.58 eV can
be assumed [182]. From Fig. 5.13 one can derive that λ has to be between 4.5 and 5.5 nm. Figures
5.14 and 5.15 show the deduced track radius in ZrO2 created by ion irradiation with Xe, Au, Pb, and
U ions at an energy of 11.1 MeV/u, compared to the theoretical thermal spike calculations for different
λ values from 4 - 5.5 nm. Figure 5.14 shows the results for the case of a track formation by melting
of the target material. This means that the energy injected into the sample is high enough to raise the
temperature from the irradiation temperature to the melting temperature (2960 K for ZrO2). The curves
in Fig. 5.15 correspond to the cylinder of material where the temperature reached the vaporization
temperature (4600 K for ZrO2). Both, melting and vaporization, have been proposed for the damage
formation mechanism, but obviously the molten-track hypothesis agrees best with the experimental data.
The measured track radii for all tested ion species coincide (within error bars) well with the theoretical
values calculated for the molten-track mechanism. Best agreement occurs for λ = 5 nm which is quite
reasonable assuming a band gap energy of 3.58 eV (see Fig. 5.13). The thermal spike calculations
not only agree with the measured damage track radius but are also able to predict the energy loss
thereshold of ∼ 13 keV/nm that has been discovered by Benyagoub et al. [3]. To test the influence of
the thermal conductivity and the initial target temperature that might vary under irradiation condition,
several calculation series with different parameters were performed. Change of the thermal conductivity
by a factor of 10 (from 1.6 - 16 W/K m) created no difference in the calculated results. Initial target
temperature increase by 100 K as starting temperature, which might be the case for high flux irradiations,
also produced no changes in the calculations. Although the thermal spike model is still inconclusive in
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Figure 5.16: Transmission electron microscopy images of nano-crystalline ZrO2.
some points, e.g., assumption of a non-Gaussian temperature distribution and of local equilibrium in a
highly excited system [183], it seems to provide agreement of all important characteristics of the energy
transfer mechanisms with the experimental data. In conclusion, the thermal spike model is a valuable
tool for the prediction of damage cross sections produced by ion irradiation.
5.1.7 Comparison macro-to-nano-crystalline ZrO2
In the previous chapter, some remakes were made regarding nano-crystallization and its influence on
the phase transformation process. From literature it is known that for extremely small particle size (∼ 3
nm), ZrO2 can be amorphized [166]. If the phase transformation was due to nano-crystallization induced
by ion impact, this transition should occur at much lower fluences if the starting material is close to the
critical particle size. To compare the results of macro-crystalline and nano-crystalline ZrO2, additional
nanopowder from Sigma-Aldrich™was purchased. The manufacturer guarantees a sample size < 100
nm, and TEM investigations showed that the average grain size is about 20 nm (see 5.16), which is in
the range of critical crystallite size for the stabilization of the tetragonal phase at ambient temperature
[162]. First, it is important to mention that in spite of this small size the sample is still monoclinic,
which could be confirmed by Raman and X-ray diffraction measurements. The Raman spectrum of a
pristine nano-crystalline sample is displayed as inset in Fig. 5.17. Irradiation series with Au and U ions
have been performed for fluences between 5×1011 to 1.8×1013 ions/cm2. The tetragonal fraction from
the Raman spectra was extracted, as described in chapter 5.1.5, and plotted versus the ion fluence. The
evolution of the tetragonal amount is very similar to macro-crystalline ZrO2. And even for fluences as
high as 1.8×1013 Au-ions/cm2 no amorphization occurs. The only difference worth mentioning is that
in the pristine material as well as in the sample irradiated with low fluence, the tetragonal amount is
slightly higher in the nano-crystalline sample. Using Eq. 5.9 one can derive the damage cross section
and therefore the ion track radius. The results of the fit are A(∞) = (98.2 ± 4.3) %, σ = (9.32 ±
0.70)×10−13 cm2 for U-ions and A(∞) = (97.4 ± 4.3) %, σ = (6.14 ± 0.5)×10−13 cm2 for Au-ions.
From this we obtain a damage track radius of (5.4 ± 0.3) nm for U and (4.4 ± 0.3) nm for Au ions.
The extracted results are also listed in Table 5.2. Obviously, radiation induced nano-crystallization is not








































Figure 5.17: Tetragonal fraction versus fluence for Au and U ions, deduced from Raman data. The solid
curves are the best fits of Eq.5.9 to the experimental data using a cascade-overlap model. The inset
shows a Raman spectrum of pristine nano-crystalline ZrO2.
the main force behind the transformation process, since both nano- and macro-crystalline ZrO2 show the
same radiation response.
5.1.8 Pressure dependence of pristine ZrO2
Before combining irradiation and pressure in one experiment, the influence of pressure alone has to
be investigated. Therefore, ZrO2 powder was hydrostatically compressed in a diamond anvil cell, and
Raman measurements were performed at different pressures. The Raman results of pressurized ZrO2 are
shown in Fig. 5.18. From one measurement to the next, the pressure was increased by about 5 GPa. At
ambient pressure and temperature, 18 vibration modes (9 longitudinal and 9 transversal) of ZrO2 are
expected to be Raman active [184], but only 14 modes are visible in the spectrum. Due to the low sym-
metry of the atomic positions and the large mass difference of zirconium and oxygen, it can be expected
that vibrations of the light and heavy ions can be separated [185]. Zr atom displacements correspond to
the low frequency part (smaller Raman shifts up to∼ 400 cm−1), and O atom displacements to the rest of
the spectrum. Up to a pressure of 5 GPa no structural change is observed. However bands show a strong
blue shift due to the pressure induced decrease of the lattice volume. At 9 GPa, there exists a mixture
of the monoclinic phase and the first high-pressure phase orthorhombic I. New bands at 146, 176, 221
and 379 cm−1 belong to the high-pressure phase. Although the phase transformation starts at around 5
GPa, the monoclinic phase coexists up to 13 GPa along with the ortho-I phase. At 17 GPa the sample is
completely transformed. Unfortunately, for pressures above 11 GPa, the pressure medium starts to freeze
up so that the sample stays no longer under hydrostatic pressure. This uniaxial strain causes additional
broadening of the Raman lines. For higher pressures the Raman signal becomes very weak and a change
in the spectra is difficult to detect. At around 30 GPa, the bands at the lower-frequency region begin
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Figure 5.18: Left: Raman spectra of ZrO2 at various pressures. Right: Raman spectra of ZrO2 quenched
from different pressures.
to disappear and the band at 480 cm−1 belonging to the second high-pressure phase (orthorhombic-II)
becomes more pronounced. As mentioned earlier, at room temperature the transition from the ortho-I
to ortho-II phase is very sluggish, so that even at 40 GPa there is still a mixture of ortho-I and ortho-II
phase. At very high pressures (70 GPa), ZrO2 exists purely in the ortho-II phase. The band previously
(at 30 GPa) at 480 cm−1 has now shifted to 526 cm−1 and is the dominating one in the spectrum. Very
important to know is the remaining structure after pressure release, the so-called quenching. To test
in which phase the sample exists after quenching from various pressures, several pressurization and
quenching cycles have been performed. The quenching results from 10, 24, 40, and 70 GPa are shown
in the right graph of Fig. 5.18.
The sample quenched from 10 GPa looks almost like a pristine sample. As the ortho-I phase is not
quenchable to ambient conditions, the sample changed completely back into the monoclinic structure.
Only a small shoulder at 201 cm−1 indicates that this sample is not virgin. Also the sample quenched from
24 GPa and surprisingly also the one quenched from 40 GPa changed back into the monoclinic structure.
Only tiny shoulders at 161 and 201 cm−1 indicate some residue of the ortho-I phase which might be
due to still unrelaxed grains within the sample. For the 24 GPa sample this was expected, because at
this pressure the non-quenchable ortho-I is predominant. Surprisingly, also the sample quenched from
40 GPa still changes back into the monoclinic structure. Obviously, at 40 GPa the mixture of ortho-I /
ortho-II is in favor of the ortho-I structure, and therefore no high-pressure structure could be retained.
In the literature, a transition pressure of these two phases between 28 and 35 GPa is mentioned, but
this is just when the ortho-II structure starts to appear. Because the ortho-I→ ortho-II transformation is
reconstructive, the transition is very inert and stretches over a long pressure regime. Additional energy
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Figure 5.19: Left: X-ray diffraction pattern of ZrO2 at various pressures. Right: X-ray diffraction pattern
of ZrO2 quenched from different pressures.
provided by high temperature helps to accelerate the phase transition. Above 600 ◦C, the ortho-II phase
occurs already at 12.5 GPa, but in this case the transition does not start from the ortho-I but from
the high-temperature tetragonal structure. It needs to be stressed, that even after pressurization up to
40 GPa the monoclinic structure was obtained after pressure release (quench). The sample quenched
Figure 5.20: Computed energy of ZrO2 phases
as a function of volume for the monoclinic
(P21/c), ortho-I (Pbca), and ortho-II (Pnma)
structures. Diagram taken from [125]
from 70 GPa shows a different result. At 70 GPa, ZrO2
is well in the stability field of the ortho-II structure and
with pressure excess of about 40 GPa from the transi-
tion boundary, only this phase can be expected. The
ortho-II structure is the highest-pressure phase in ZrO2
and stable up to at least 100 GPa [119]. Since the
ortho-II phase (once produced) is quenchable, it can
be maintained at ambient pressure. The gray (upper)
spectrum on the right hand side in Fig. 5.18 shows
the Raman spectrum of quenched ortho-II ZrO2. The
ortho-II spectrum shows eight new Raman bands at
161, 361, 382, 432, 556, 600, 618, and 657 cm−1. This
small number of bands indicate that the ortho-II phase
has a crystal structure with high symmetry. From the
Raman pressure series we conclude that up to 30 GPa
we can be certain not to reach the quenchable ortho-II,
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Pressure (GPa) Phase a (Å) b (Å) c (Å)
ambient monoclinic (100 %) (5.296 ± 0.007)m (5.094 ± 0.006)m (5.326 ± 0.006)m
3.5 mono + ortho-I (2.1 ± 0.8) % (5.290 ± 0.007)m (5.085 ± 0.007)m (5.304 ± 0.007)m
7.2 mono + ortho-I (53.4 ± 3.5) % (10.036 ± 0.004)o−I (5.293 ± 0.003)o−I (5.061 ± 0.004)o−I
10.5 mono + ortho-I ((80.2 ± 4.2) %) (9.993 ± 0.006)o−I (5.231 ± 0.007)o−I (5.046 ± 0.007)o−I
13.7 mono + ortho-I (96.5 ± 3.2) % (9.814 ± 0.012)o−I (5.197 ± 0.011)o−I (5.058 ± 0.011)o−I
17.6 ortho-I (100 %) (9.698 ± 0.016)o−I (5.111 ± 0.016)o−I (5.047 ± 0.017)o−I
22.1 ortho-I (100 %) (9.559 ± 0.020)o−I (5.155 ± 0.019)o−I (5.002 ± 0.024)o−I
38.0 ortho-II (100 %) (5.453 ± 0.004)o−I I (3.121 ± 0.003)o−I I (6.265 ± 0.004)o−I I
70.0 ortho-II (100 %) (5.311 ± 0.008)o−I I (3.109 ± 0.007)o−I I (6.179 ± 0.008)o−I I
Table 5.4: Phase compositions of ZrO2 at various pressures and list of lattice parameters for the predom-
inating phases.
and that pressure alone in this regime can definitely not produce any change in the high-temperature
polymorph.
For completeness, Figure 5.19 shows X-ray diffraction data of pressurized ZrO2. Up to 22 GPa, the
measurements were performed at DESY with a wavelength of 0.49467 Å. Unfortunately, due to the limit
of beamtime only diffraction images up to this pressure could be gathered. But two X-ray diffraction
images at higher pressures (38 and 70 GPa) were made with a commercial Bruker diffractometer with
a wavelength of 0.7108 Å (Mo Kα) at the Bavarian Geological Institute (BGI) in Bayreuth, Germany.
These spectra are plotted (wavelength-corrected) in Fig. 5.19. Up to a pressure of 3.5 GPa, no change
in the sample phase is observed, whereas at 7.2 GPa a new band between the strong monoclinic bands
appears at 9.64◦ which corresponds to the [211]o reflection of the ortho-I phase. In agreement with
the Raman data we observe a mixture of monoclinic and ortho-I phases. Quantative Rietveld analysis of
both structures shows a residual monoclinic fraction of (46 ± 4) %. With the increase of pressure, the
monoclinic fraction decreases till it has completely vanished for pressures above 17.6 GPa. Quantative
analysis of the phase compositions and lattice parameters are listed in Table 5.4.
The sample at 38 GPa only shows the characteristic XRD spectra of the ortho-II phase. Unfortunately
these high-pressure spectra have only moderate resolution, but the main bands are well resolved. The
strongest peak at ∼ 10.5◦ corresponds to an overlap of the [102]oI I and [200]oI I reflection, and the band
next to it belongs to the [111]oI I reflections. With increasing pressure (up to 70 GPa), the ortho-II phase
is maintained, only the lattice parameters shrink under this tremendous stress, merging the reflection
bands further together. Fig. 5.20 shows the computed total energy versus the volume in the three dis-
cussed structures [125]. At ambient pressure, the sample volume is not compressed and the monoclinic
structure (P21/c) is the energetically lowest configuration. Under compression, the volume shrinks and
a transition into the ortho-I phase (Pbca) becomes energetically most favorable. As one can see from Fig.
5.20, the minima of the energy curves of the monoclinic and ortho-I structure are very close, explaining
the sluggish nature of the transition between these two phases. For further compression, the ortho-II
offers the lowest energy configuration.
For two pressures (10.0 and 22.1 GPa), the samples were quenched and the remaining structure ana-
lyzed. The results are shown on the right-hand side of Fig. 5.6. Both quenched samples are predomi-
nantly monoclinic with some residues of the ortho-I phase (indicated by the peak at 9.6◦), which is about
10 % for the sample quenched from 10.0 GPa and ∼ 15 % for the sample quenched from 22.1 GPa. In
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Figure 5.21: Raman spectra of irradiated ZrO2
(5×1012 Pb-ions/cm2) at various pressures.
The grey (bottom) spectrum shows the sample
quenched from 42.0 GPa.
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Figure 5.22: X-ray diffraction spectra of irra-
diated ZrO2 (5×1012 Pb-ions/cm2) at various
pressures. The grey (bottom) spectrum shows
the sample quenched from 32.4 GPa.
conclusion, we can say that Raman as well as X-ray analysis prove that samples quenched from pressures
as high as 24 GPa always change back into the monoclinic phase.
5.1.9 Pressure dependence of irradiated ZrO2
Figure 5.23: Phase diagram of ZrO2 after
[117]. The arrow indicates the possible tran-
sition route for an irradiated sample
So far, the pressure behavior of pristine ZrO2 has
been described, now the pressure behavior of already
irradiated material will be discussed. For this study, a
sample irradiated with 5×1012 Pb-ions/cm2 was filled
into a pressure cell and compressed up to 40 GPa for
Raman and 32 GPa for X-ray measurements respec-
tively. As mentioned in previous chapters, irradiated
ZrO2 exists in its tetragonal structure, and therefore
the transition route is completely different compared to
monoclinic ZrO2. Pressure experiments on stabilized or
nano-crystalline (size < 15 nm) tetragonal ZrO2 have
been performed by some groups [118, 115, 186, 157],
and it has been suggested that the initial structure
transforms into the cubic modification under pressure
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Figure 5.24: Refined lattice parameters of irradiated, tetragonal ZrO2 up to pressures of 32 GPa.
before changing into the highest-pressure structure orthorhombic-II. Figure 5.21 shows the Raman spec-
tra of a pressure series on irradiated ZrO2. In the tetragonal structure of ZrO2, six atoms are localized
in the primitive cell, two Zr atoms and four O atoms, which occupy tetrahedral sites centered on the Zr
atoms [115]. It exhibits six different Raman modes at 148, 265, 319, 465, 602, and 640 cm−1. With
increasing pressure, all lines except the one at 265 cm−1 shift to higher wavenumbers. Above 6 GPa,
a shoulder arises at 620 cm−1 which increases with increasing pressure. This wavenumber position is
usually attributed to the cubic structure. At pressures above 25 GPa, there is a noticeable loss of Raman
intensity, and the spectra have their most dominant line at around 700 cm−1 indicating a second phase
change. After quenching the irradiated sample from 42 GPa, it is tetragonal again.
More information can be obtained by the X-ray analysis of the sample shown in Fig. 5.22. The lattice
parameters of the irradiated sample at ambient pressure were refined to a = b = 3.593 Å and c = 5.159
Å. As mentioned earlier, it is very difficult to distinguish the two high-temperature structures since the
tetragonal phase is only slightly distorted from the cubic structure [157]. The only difference is the
splitting of related diffraction peaks at ∼ 11◦ and 18◦. Because of the broadening of the peaks due to
strain induced by radiation and additionally by pressure, it is difficult to determine whether the tetrag-
onal phase has transformed to the cubic one. The deviation from the ideal cubic arrangement can be







The cubic structure is characterized when A becomes equal to one. All observed patterns were refined
for the tetragonal as well as the cubic structure, which both fit well onto the measurements. Fig. 5.24
shows the refined lattice parameters of c and
p
2a of the tetragonal phase and c of the cubic structure.
With increasing pressure, c and
p
2a become almost the same, indicating that the sample changes into
the cubic structure. Zhang et al. [157] observed the same behavior for nano-crystalline, tetragonal
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7.8 3.593 5.072 5.077
9.3 3.590 5.052 5.064
11.6 3.584 5.044 5.054
14.6 3.576 5.031 5.039
19.0 3.566 5.020 5.026
21.1 3.545 5.013 5.014
23.5 3.525 5.010 5.001
25.4 3.519 5.000 4.994
28.2 3.515 4.995 4.989
32.8 3.502 4.989 4.980
Table 5.5: Refined lattice parameter for tetragonal as well as cubic structure of ZrO2 irradiated with
5×1012 Pb-ions/cm2.
ZrO2. They observed a pressure induced transition from tetragonal to cubic at around 10 GPa. Here the
transition occurs at a pressure of already 7 GPa indicated by the crossing of the lattice parameters for c
and
p
2a. From 7 GPa on, also the cubic lattice parameters are plotted in Fig. 5.24. It seems that the
radiation-induced, tetragonal ZrO2 lowers the needed energy input (in the form of pressure) by several
GPa for the transition from tetragonal to cubic. For even higher pressures, a second discontinuity occurs
at around 22 GPa which might be due to a second transition into the orthorhombic-II structure. This
agrees with the new small bump in the XRD spectra appearing around 14◦ above 30 GPa which belongs
to the ortho-II phase (compare Fig. 5.19). Since this transition is of reconstructive type, which requires
nucleation and growth of the new phase, it is very sluggish and far from completion at 32 GPa. The
transition follows the path indicated by the arrow in Fig. 5.23. Highly irradiated ZrO2 behaves like
a sample above 2000 ◦C. Under compression it changes first into the denser (∆ρ ∼= 0.2 g/cm3) cubic
before slowly changing into the ortho-II phase.
5.1 Zirconia (ZrO2) 65
100 200 300 400 500 600 700 800
d) 1.5x1011 ions/cm2
    & 11 GPa
c) 1.5x1011 ions/cm2
    no pressure
b) no irradiation












Figure 5.25: Raman spectra at ambient conditions of different ZrO2 samples: (a) pristine, (b) pressurized
without irradiation, (c) irradiated with 1.5×1011 U-ions/cm2 but without pressure, (d) irradiated with
1.5×1011 U-ions/cm2 at a pressure of (11.0 ± 0.3) GPa.
5.2 Irradiations under high pressure
To this point, the response of ZrO2 to either irradiation or pressure alone has been described. By the
relatively new experimental approach of combining ion irradiation with high-pressure, the behavior un-
der two simultaneously existing, extreme conditions can be studied. Pressure applied during irradiation
not only opens access to a large variety of structural conformations of the starting material but also al-
lows new routes for phase transitions within the p− T phase diagram. Additional pressure was shown
to enhance or hinder certain radiation induced transformations [8, 187]. Conversely, ion irradiation
can change the stability field of some materials [105, 106]. The exposure of pressurized samples to ion
beams also provides insight into how pressure-induced phase transitions in minerals may be affected by
pre-existing damage and by the microstructure of the starting material. Recent results also demonstrated
that new structural phases may become accessible for analysis at ambient conditions [8].
Surprisingly, samples irradiated under high pressure and analyzed after pressure release show quite
different results compared to specimens irradiated at ambient pressure conditions. First experiments in
this work were performed with rather low ion fluences in the regime of a few 1011 ions/cm2 with Au
and U ions. In this fluence regime, no radiation damage could be observed at ambient pressure. ZrO2
powder was mounted in a diamond anvil cell and hydrostatically compressed to a pressure of (11 ± 0.1)
GPa. While pressurized, it was exposed to a fluence of 1.5×1011 U-ions/cm2. Afterwards, the pressure
was released, and the sample was carefully analyzed with Raman spectroscopy by measuring numerous
different sample locations (mapping). The result is plotted together with the radiation and pressure
references in Fig. 5.25. The upper curve shows that this sample underwent a staggering change only
when exposed to high pressure and ion irradiation at the same time. We can see that a transformation
to the tetragonal form has occurred. This is in clear contrast to the unpressurized reference sample,
irradiated under the same conditions (Fig. 5.25(c)), which shows no deviation from a pristine sample
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Figure 5.26: Raman spectra measured at ambient pressure of ZrO2 irradiated with 2.5×1012 Au-ions/cm2
under 10.9 GPa. The spectra show four different positions of the same sample each exhibiting a different
degree of the phase transition.
at such low fluences. In transformed regions, the tetragonal fraction is 85.3 % as estimated by means of
Eq. 5.7. Pressure alone as cause for the tetragonal fraction can be excluded, since the orthorhombic-I
high-pressure phase is not quenchable as demonstrated by the unirradiated pressure reference sample
(Fig. 5.25 (b)), which shows no significant difference towards the pristine sample, besides some small
residues around 200 cm−1.
It should be mentioned, that only some regions of the sample exhibit this strong change into the
tetragonal phase, whereas other regions show no change at all [106]. Fig. 5.26 displays four examples
of the local variations in the Raman spectra. Most regions show pure monoclinic ZrO2, others a mixture
of monoclinic and tetragonal in different concentrations and some areas are completely transformed like
after ion irradiation with 1×1013 U-ions/cm2. In total, the fraction of completely transformed regions is
∼ 10 %. This corresponds well to an area damaged by single ion hits at a fluence of 1.5×1011 U-ions/cm2
assuming a track radius of 5.3 nm. Ion irradiation under pressure obviously allows a single ion impact
to induce the phase transition. This experiment has been repeated with 2.5×1011 Au-ions/cm2 which
resulted in the same behavior.
In sections 5.1.4 and 5.1.5, the double-impact mechanism for the radiation induced monoclinic →
tetragonal transformation has been discussed. Multiple damage overlap is necessary for the transforma-
tion process: first, a pre-damaging by the creation of vacancies and the therefore resulting strain on the
sample, plus the second impact invoking the phase change. This might be an explanation for the pressure
enhanced radiation response. The pressure additionally applied on the irradiated sample also induced
large strain, that might be enough to take over the step usually performed by the first ion impact. Then,
already one ion hit suffices to provoke a relaxing transformation into the denser high-temperature poly-
morph. To clarify this hypothesis, irradiation experiments of pressurized samples were performed with
a fluence of which one can assume that the entire sample area has been hit just once. Therefore, ZrO2
was pressurized to (10.3 ± 0.3) GPa and exposed to a fluence of 2×1012 U-ions/cm2. Raman scans over
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Figure 5.27: Raman spectra at ambient conditions of different ZrO2 samples: (a) pressurized to 10.5
GPa but not irradiated, (b) irradiated with 2×1012 U-ions/cm2 but without pressure, (c) irradiated with
2×1012 U-ions/cm2 under pressure of (10.3 ± 0.3) GPa.
the whole sample have been performed. Again, one finds enhanced radiation response due to additional
pressure. Homogeneously, each measured position yields Raman spectra as shown in Fig. 5.27(c). Ob-
viously, the whole sample has changed into the tetragonal structure already at a fluence which normally
does not suffice to induce this transformation at ambient pressure (see Fig. 5.27(b)). After irradiation of
2×1012 U-ions/cm2, one can estimate roughly that one complete layer of pre-damaged material exists.
But this alone, without pressure, would not have been enough to induce a phase change. Statistically,
some areas might have been hit twice already. This is why the Raman spectra show the beginning of a
transition in the reference sample. From Fig. 5.11, one can conclude that only ∼ 10 % of the sample
have transformed, whereas the sample irradiated under pressure has completely changed. It is obvious
that under pressure the monoclinic→ tetragonal phase transformation is induced by a single ion rather
than requiring a multiple hit process.
Additional information about the transformation mechanism can be gained by the investigation of the
ZrO2 sample irradiated with 2×1012 U-ions/cm2 by analyzing the material while still being pressurized.
Figure 5.28 shows the diffraction spectra of pristine, pressurized, and irradiated samples inside the DAC
before and after quenching. At ambient pressure, the sample is in its monoclinic phase (Fig. 5.28 (a)).
Under pressure of 10.3 GPa, it changes to the high-pressure orthorhombic-I phase, clearly visible by the
[211]o reflex at 9.70
◦ (Fig. 5.28 (b)). The transition is not completed, and about 38 % of the sample
remain in the monoclinic phase, indicated by the [-111]m and [111]m reflexes. If the sample rests at
this pressure for one week and is then quenched to ambient pressure, it changes back to the monoclinic
structure (Fig. 5.28 (c)) with a contribution of about 10 % of the orthorhombic phase. The situation
is very different for the sample irradiated under a pressure of 10 GPa. Instead of the monoclinic or
tetragonal structure, we find the second high-temperature cubic phase of ZrO2 evidenced by the [111]c
reflection at 9.72 ◦, [200]c reflection at 11.17 ◦, and [220]c reflection at 15.90 ◦ (Fig. 5.28 (d)).
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Figure 5.28: X-ray diffraction spectra of different stages of the experiment. At ambient conditions ZrO2
shows peaks of the monoclinic structure (a). Pressurized to 10 GPa, new reflexes which belong to
the ortho-I phase appear as a mixture of monoclinic/ortho-I (b). Additional irradiation with 2×1012
U-ions/cm2 provokes a transformation into the cubic phase (d). When releasing the pressure, the unir-
radiated sample transforms back into its monoclinic form (c), whereas the irradiated sample transforms
into the tetragonal structure and remains stable in this phase also at ambient pressure (e).
Rietveld refinement yields a lattice constant of c = (5.072 ± 0.002) Å. This stage could not be derived
from the Raman data recorded at ambient pressure (see Fig. 5.27).
Surprisingly, during the pressure release the material neither stays cubic nor changes into the expected
ambient monoclinic, but instead transforms into the tetragonal structure. This XRD result is in agree-
ment with our observation by means of Raman spectroscopy at ambient pressure. When releasing the
pressure, the cubic peak at 11.17 ◦ splits into two individual peaks belonging to the [110]t reflection at
10.94 ◦ and the [002]t reflection at 11.13 ◦ of the tetragonal phase. Similar splittings can be observed at
larger diffraction angles, e.g. [211]t and [103]3 reflections around ∼ 18.5 ◦. Also the [102]t reflection
appearing at 13.57 ◦ is a clear indication of the tetragonal phase. During decompression, the cubic phase
remains stable down to ∼ 3 GPa and then undergoes a sudden change into the tetragonal phase within
the last decompression step [188].
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There are a number of different possible explanations for this pressure enhanced radiation effect at
low fluences. Firstly, a temperature effect due to the lowered transition boundary between ortho-I and
tetragonal phase at elevated pressure. Secondly, a possible energy loss increase due to higher density
of the pressurized material. And thirdly, the effect of pressure induced strain within the sample. With
increasing pressure the temperature necessary for the monoclinic→ tetragonal transition decreases from
∼ 1000 to ∼ 600 ◦C (see Fig. 5.2) at around 4 GPa. This means that above 4 GPa less energy in form of
heat is needed to produce the tetragonal form. However, this can still not explain the existence of this
phase at room temperature since the tetragonal phase would return to monoclinic once the temperature
rise due to irradiation has thermalized. To further elucidate, the same experiment for the 1.5×1011
U-ions/cm2 irradiation has been performed for pressures of 4.6, 7.6, 11.0, and 13.6 GPa (see Fig. 5.29).
Here the transformation degree also varies with the sample position, so only the regions with the highest
degree of transformation are displayed. The irradiation at 4.3 GPa created no enhanced radiation effect.
The sample irradiated at 7.6 GPa shows signs of a beginning transformation, similar to an irradiation
after a fluence of 1012 ions/cm2. Above 11 GPa the transformation is completed. We can thus assume
that temperature is not the driving force behind the strong transformation behavior since effect shows
up at these low fluences only for higher pressures.
















Figure 5.29: Raman spectra of the regions of
ZrO2 with highest degree of transformation
that were irradiated with 1×1011 U-ions/cm2
under various pressures.
Another effect might be an higher electronic energy
loss in pressurized sample. As mentioned earlier,
the irradiations of pressurized and pristine material
are quite different since we start with the denser
orthorhombic-I phase. At ambient conditions, ZrO2 has
a density of 5.70 g/cm3. Via Rietveld refinement we de-
termined the density of ZrO2 at 10 GPa to be (6.04 ±
0.13) g/cm3. The small density increase changes the
electronic energy loss of U-ions in ZrO2 only slightly
from 37.3 to 39.3 keV/nm at an energy of 30 MeV/u.
A density effect can therefore also be ruled out as pos-
sible influence, since the small energy loss difference
of 2.2 keV/nm can be neglected considering that the
ambient pressure experiment performed at the UNILAC
provided an energy loss of 53.2 kev/nm [22] and did
not reveal any phase transition for fluences ≤ 2×1012
ions/cm2.
To summarize, the externally applied pressure provides internal stress in the sample, taking over the part
of the first step of the ion impacts. We assume that with increasing pressure the strain field increases,
explaining why at lower pressures the samples irradiated with low fluence did not transform into the
tetragonal phase.
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Figure 5.30: Raman analysis at ambient pressure of ZrO2 irradiated with 1.5×1012 U-ions/cm2 at 23
GPa (b), 38 GPa (c), and 70 GPa (d). Additionally, a pressure reference (pristine ZrO2 quenched from
24 GPa (a)) is displayed.
5.2.1 Irradiations at very high pressures
To this point, high-pressure irradiations up to 11 GPa under hydrostatic conditions were discussed. For
pressures up to 12.5 GPa, the temperature path comprises a transition from monoclinic→ tetragonal→
cubic (see Fig. 5.2). If ZrO2 is irradiated at higher pressures (> 20 GPa) the previously discussed tran-
sition path is no longer possible. Therefore, additional experiments combining pressure and irradiation
were performed at extreme pressures of 23, 38 and 70 GPa. The sample at 23 GPa is before the irradiation
in the orthorhombic-I phase, while the samples at 38, and 70 GPa are well within the stability field of the
8 10 12 14 16 18 20 22 24 26
c = 6.086
b = 3.157





















Figure 5.31: X-ray diffraction patterns of ZrO2
at 70 GPa before and after irradiation with
3×1012 U-ions/cm2 (λ = 0.7108 Å).
second high-pressure phase orthorhombic-II. Starting
at the orthorhombic-II phase, the beam-induced trans-
formation route from monoclinic → tetragonal → cu-
bic cannot occur (see Fig. 5.2). Outside the DAC, we
recorded the Raman spectra of the samples which were
irradiated under pressure with 1.5×1012 ions/cm2
(Fig. 5.30). Most interestingly, after quenching the
samples irradiated at 23 GPa consists predominantly of
the orthorhombic-II phase (small monoclinic residues
exist at 178 and 190 cm−1, but the fraction is low). The
bands of the orthorhombic-II phase are highlighted by
dotted lines in Fig. 5.30 (b). The strongest peaks of this
structure are located at 160 and 432 cm−1, in agree-
ment with earlier observations (see Fig. 5.18) and lit-
erature data where ZrO2 was quenched from 40 and
60 GPa [112, 121]. The finding of the orthorhombic-II
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Ion Eini t dE/dx Fluence Φ Pressure Initial Final
(GeV) (keV/nm) (ions/cm2) (GPa) structure structure
macro-crystalline ZrO2
238U 7.14 39 1.5×1011 11.0 ± 0.3 ortho-I strong tetragonal regions
238U 7.14 37 1.5×1011 ambient mono mono
238U 7.14 39 2.0×1012 10.3 ± 0.3 ortho-I cubic (10.3 GPa), tetragonal (ambient)
238U 7.14 37 2.0×1012 ambient mono mono
238U 7.14 ≥ 39 1.5×1012 23 ± 1.0 ortho-I ortho-II
238U 7.14 ≥ 39 1.5×1012 38 ± 2.0 ortho-II ortho-II
238U 7.14 ≥ 39 1.5×1012 70 ± 4.0 ortho-II ortho-II
238U 7.14 ≥ 39 3.0×1012 70 ± 4.0 ortho-II ortho-II
nano-crystalline ZrO2
238U 7.14 39 2.0×1012 10.5 ± 0.3 ortho-I cubic (10.5 GPa), tetragonal (ambient)
non-hydrostatic conditions
238U 7.14 39 2.0×1012 10.9 ± 0.8 ortho-I cubic (10.9 GPa), monoclinic (ambient)
208Pb 7.14 39 3.0×1012 11.0 ± 1.0 ortho-I cubic (11.0 GPa), monoclinic (ambient)
Table 5.6: Irradiation and pressure parameters for all samples irradiated at the SIS under high pressure.
The table summarizes the crystalline structures before and after irradiation, as determined at ambient
conditions.
phase is surprising because, at 23.1 GPa, ZrO2 exists in its first high-pressure polymorph orthorhombic-I
and is still ∼ 7 GPa away from the transition boundary to the orthorhombic-II phase. Irradiation with
swift heavy ions obviously triggers the creation of this phase at a significantly lower pressure. Once
produced, the orthorhombic-II phase is quenchable to ambient pressures. Pressure alone as cause for
the transformation into the orthorhombic-II phase was excluded by quenching a reference sample from
24 GPa, which did not show any orthorhombic-II signal (see Fig. 5.30 (a)) even after one week. For
pressures larger than ∼ 20 GPa, orthorhombic-II is the only possible high-temperature structure (see Fig.
5.23). It cannot be distinguished whether the ion-beam induced transition proceeds via the temperature
or the pressure route.
Samples pressurized to 38 or 70 GPa are in the orthorhombic-II phase. Having no neighboring phase
boundary, it is not surprising that the initial orthorhombic-II structure is preserved after irradiation (see
Fig. 5.30 (c and d)). Due to the high bulk modulus of the orthorhombic-II structure (≥ 300 GPa
[13]) and the characteristic of ZrO2, it is considered as a good candidate for a new superhard material
[13]. The radiation stability of the ortho-II phase was tested again with a doubled fluence of 3×1012 U-
ions/cm2 at 70 GPa. Fig. 5.31 shows the X-ray diffraction patterns of ZrO2 recorded at 70 GPa before and
after irradiation. No change can be observed. Due to the high pressure, the bands are very broad which
makes it difficult to distinguish single peaks, but the crystalline structure remains ortho-II indicated by
the strongest reflections [200] at 15.2◦ and [111] at 16.4◦. The crystal structure parameters are very
similar and no enhanced strain was measured. Since a fluence of 3×1012 U-ions/cm2 has no influence
on the orthorhombic-II structure, this high-pressure polymorph might be better suited for applications
than the ambient pressure polymorphs.
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Figure 5.32: X-ray diffraction spectra of nano-cystalline ZrO2 at different stages of the experiment. Pres-
surized to 10 GPa, the sample exist in a mixture of monoclinic and ortho-I (a). Additional irradiation with
2×1012 U-ions/cm2 provokes a transformation into the cubic phase (c). When releasing the pressure,
the unirradiated sample transforms back into its monoclinic form (b), whereas the irradiated sample
transforms into the tetragonal structure and remains stable in this phase ambient also at pressure (d).
This behavior is like for macro-crystalline ZrO2.
5.2.2 Nano-crystalline ZrO2 irradiated under pressure
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Figure 5.33: Raman spectra of nano-
crystalline ZrO2 quenched from 10 GPa after
irradiation with 2×1012 U-ions/cm2.
As already shown in section 5.1.7, at ambient pres-
sure nano-crystalline ZrO2 behaved in a similar way as
macro-crystalline ZrO2. Further, the effect of the crystal
size on the radiation response of ZrO2 under pressure has
been investigated. For this purpose, ZrO2 with an aver-
age grain size of ∼ 20 nm was hydrostatically loaded in
a DAC and pressurized up to 10.5 GPa. At this pressure it
was exposed to 2×1012 U-ions/cm2. Figure 5.32 shows
the development of the structural phases after the differ-
ent experimental steps.
At 10.5 GPa, nano-crystalline ZrO2 is mainly (80 %) in
the ortho-I phase. After irradiation, the sample most
likely changed into the cubic structure with lattice con-
stant c = (5.072 ± 0.006) nm. When releasing the pres-
sure from the unirradiated sample, it changes back into
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Figure 5.34: Left: TEM images of pristine nano-crystalline ZrO2. Right: TEM images of quenched ZrO2
after irradiation with 2×1012 U-ions/cm2 at 10.5 GPa.
the monoclinic form (about 20 % remain orthorhombic immediately after the quenching). The irradi-
ated sample on the other hand transforms into the tetragonal form as can be seen by the splitting of the
bands at about 11◦ and 18.5◦. The lattice parameters of the quenched tetragonal phase are a = (3.641
± 0.006) nm and c = (5.262 ± 0.01). Raman analysis outside the DAC also confirmed the existence of
the tetragonal phase (see Fig. 5.33). The transition is actually completed, no residues of the monoclinic
structure are detectable. Even a small peak around 620 cm−1 is visible which might indicate remains of
the cubic structure inside the quenched sample. Nano-crystalline ZrO2 follows the same transition path
as a macro-crystalline sample, from ortho-I-to-cubic at 10 GPa and then from cubic-to-tetragonal under
decompression. It seems that the transition is a bit stronger in the nano-crystalline sample, which might
be due to the fact that the pressure induced stress can act on a larger surface area relative to macro-
crystalline ZrO2. Also electron microscopy investigations of the quenched, irradiated material have been
performed and compared to pristine nano-ZrO2. The left side of Fig. 5.34 shows the pristine sample
and the right side the irradiated one. Under the lower magnification, one can see that the grain size
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did not change during irradiation under pressure. On average, it is still around 20 nm. From the highly
magnified image one can see that the pristine sample shows a much more complex structure due to the
tilted β angle of the monoclinic phase. The irradiated sample shows a nice even structure which could
be cubic or tetragonal in this case. In conclusion one can say that the effect of grain size down to ∼ 20
nm can be neglected in the radiation response behavior of ZrO2 for irradiations under pressure.
5.2.3 Irradiations under non-hydrostatic pressure conditions














Figure 5.35: Ruby luminescence signal at
around 11 GPa for hydrostatic (blue) and non-
hydrostatic pressure conditions (red).
Up to this point, all experiments were performed un-
der hydrostatic pressure conditions, although one can
no longer speak of hydrostatic conditions above 11
GPa since the pressure transmitting medium (made
of an alcohol mixture) solidifies. The onset of non-
hydrostatic conditions in alcohol is associated with a
glass transition [189]. Nevertheless the sample is sour-
rounded by a material. Upon pressure release the pres-
sure medium becomes liquid again and the quenched
sample is always retained in its powdery form. Pre-
experiments [190] showed that strong non-hydrostatic
pressure conditions can have a huge influence on the
radiation response of the material. In the following
experiments, ZrO2 powder was mounted without any
pressure medium inside a DAC. This means that the
sample chamber was completely filled with powder
without any space left in between. Under compression, the pressure was therefore exerted directly
onto the sample along one direction, squeezing the powder sample together. The process is comparable
to mechanical pressing of pills. In this case the conditions are highly non-hydrostatic. A typical sign of
non-hydrostatic conditions is the broadening of Raman and X-ray diffraction lines. The prime indication
of non-hydrostatic conditions is the broadening of the ruby luminescence signal. Figure 5.35 shows the
Ruby signal from inside a DAC at around 11 GPa. At non-hydrostatic conditions the bands broaden
severely.
Figure 5.36 shows the X-ray diffraction pattern of non-hydrostatically (medium-less) compressed ZrO2
that has been irradiated with 2×1012 U-ions/cm2 at 10.9 GPa. Similar to the experiment under hy-
drostatic conditions, the ion irradiation forces the sample to change to the cubic structure (probably a
mixture of cubic and tetragonal) with a lattice parameter of c = (5.042 ± 0.002) Å. Upon decompression
down to 4 GPa, this phase remains with the lattice relaxing a bit to c = (5.052 ± 0.002) Å at 7.2 GPa
and c = (5.063 ± 0.002) Å at 4.0 GPa. Interestingly, at the last decompression step to ambient pressure,
the sample changes back to the monoclinic structure (54 % with a = (5.329 ± 0.008), c = (5.333 ±
0.006, and c = (5.544 ± 0.007) Å, and β = 99.1◦) but some part remains in the cubic phase (46 %
with c = (5.178 ± 0.004) Å). Due to extreme line broadening of the quenched sample, one can assume
that some part of the sample is still under internal stress. As mentioned earlier, one can compare this
non-hydrostatic compression with pill pressing, by which the extreme pressure glues the ZrO2 grains
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Figure 5.36: X-ray diffraction spectra of ZrO2 irradiated with 2×1012 U-ions/cm2 under non-hydrostatic
conditions (10.9 GPa). The diagram shows X-ray patterns at different pressures during the decompres-
sion process.
together. Even after opening the pressure cell, the sample is one single piece and not powdery anymore.
It can also not be removed from the gasket except of strong mechanical force under which it shows the
brittle behavior of a crystal. This could explain the unusual XRD-signal. After pressure release, the free
sides of the sample change back to the monoclinic structure clearly visible by the [100]m band at 5.52
◦,
the merged [011]m and [110]m bands at 7.67
◦, and of course the strong [-111]m reflection at 8.97◦. The
strong peak around 10◦ is an overlap of the [111]m reflection of the monoclinic and the [111]c reflec-
tion of the cubic structure. Because of the high-energy X-rays, all regions of the sample contribute to
the diffraction pattern. So, probably the inner part of the sample, still compressed by the sourrounding
crystals, did not relax to monoclinic and therefore still shows a cubic diffraction pattern whereas the free
sides did relax. But this still raises the question why it changes back at all into the monoclinic form. All
previously reported experiments (see Section 5.2), performed under hydrostatic conditions, still showed
a stronger enhanced radiation effect. After the same fluence and pressure the sample was completely
tetragonal and did not return to the pristine monoclinic phase. To gain a better understanding of this
behavior, the experiment was repeated with an in-situ Raman analysis.
Again, ZrO2 was non-hydrostatically compressed up to 11.0 GPa and exposed to 3×1012 Pb-ions/cm2.
In this case, Raman analysis was performed under pressure. Fig. 5.37 shows the different experimental
steps. After the irradiation the Raman signal shows a mixture of cubic and tetragonal phase. As men-
tioned before, these two structures are difficult to distinguish. Similar to experiments performed under
hydrostatic conditions the pressure enhances the radiation effect so that the whole sample undergoes a
transformation. Upon decompression the sample remains cubic/tetragonal down to 2.4 GPa. The de-
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Figure 5.37: Raman spectra of ZrO2 irradiated with 3×1012 Pb-ions/cm2 under non-hydrostatic consi-
tions at 11.0 GPa. The Figure shows the Raman spectra at different pressures during the decompression
process.
compression process can be well observed by the movement of the lineshift of the different peaks. But
also in this case, when the sample is quenched to ambient pressures it changes back to the monoclinic
form. No indication of the previously strong transformation remains. Some signal of the tetragonal
structure can be observed by the small peaks at 148 and 265 cm−1. A fraction of about 12 % of the sam-
ple is tetragonal, this corresponds well to the result after an irradiation with the same fluence (3×1012
Pb-ions/cm2) under ambient pressure. Obviously, non-hydrostatic pressure conditions can not preserve
the enhanced radiation response down to ambient pressure. Raman spectroscopy yields the same result
as X-ray diffraction. The reason why the Raman data showed no cubic/monoclinic mixture at ambient
pressure in the quenched sample is due to the fact that Raman spectroscopy is only surface sensitive
(penetration depth ∼ few µm), whereas XRD gathers information of the whole sample depth.
The question why pressure conditions have such a strong influence on the radiation response still
remains unsolved. A pressure effect alone can be excluded since a reference sample compressed non-
hydrostatically to 11.2 GPa and then quenched shows no phase change (see Fig. 5.37). The spectrum
of the quenched non-hydrostatic sample is also monoclinic, but by means of the broad band one can
clearly distinguish the pressure conditions under which the sample has been exposed to the beam. One
possible explanation might be the crystalline character of the non-hydrostatically compressed sample. As
mentioned before, the different grains of the sample are compressed in a way that the sample becomes
one single piece. It would be wrong to describe it as a single-crystalline material, but it shows the
5.2 Irradiations under high pressure 77
mechanical characteristics of one large crystal. As shown in section 4.1, for single-crystalline material the
direction of the damage can play an important role. In the described experiment, the applied pressure
and ion irradiation were directed along the same axis which might be disadvantageous for a strong
radiation response. Possibly, irradiation of a ZrO2 single crystal or irradiation perpendicular to the
pressure direction (in the non-hydrostatic case) could shed more light onto this behavior. Unfortunately,
the geometry of our experimental setup limits us to the irradiation in only one sample direction.
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5.3 Hafnia (HfO2)
Figure 5.38: The unit cells of the ambient and high pressure crystal structures of HfO2, i.e. monoclinic,
orthorhombic-I, and orthorhombic-II. Depiction taken from [191].
Hafnia or hafnium dioxide (HfO2) is like zirconia a ceramic material with excellent structural sta-
bility and dielectric properties and a wide range of industrial applications [192, 193]. Zr and
Hf belong to the same column in the periodic table and and show a remarkable resemblance
in their metal state as well as their compounds. This similarity is stronger than for any other
pair of two elements [194]. This similarity is due to the so called lanthanide contraction. The
main difference between these two elements in terms of the electronic structure is the f states.
Figure 5.39: Phase diagram of HfO2. (Modified
picture from [195])
Hf has a closed 4 f subshell whereas Zr has no f elec-
trons at all. Because the weak shielding of the 4 f elec-
trons the atomic (1.6 Å for Zr and 1.67 Å for Hf) and
ionic (0.8 Å for Zr and 0.81 Å) radii of Zr and Hf are
almost identical despite the huge difference in cation
mass (91.2 for Zr and 178.5 for Hf) [182]. Besides
all similarities there a small differences between Zr
and Hf as and their oxide compounds. For instance,
Hf has a smaller electronegativity (1.16) compared to
Zr ( 1.32), indicating a slightly stronger tendency to
form ionic bonds with other more electronegative el-
ements such as oxygen. Gutowski et al. also found
that HfO2 is more stable than ZrO2 (i.e., it has a larger
heat of formation from its constituent elements). This
amounts to more than 42 kJ/mol [196]. Also the band
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crystal structure lattice group lattice parameter [Å] density [g/cm3]
monoclinic a = 5.128
a 6= b 6= c P21/c b = 5.191 9.68
α= γ = 90◦ c = 5.297
β > 90◦ β = 99.3◦
tetragonal a = 3.578
a = b 6= c P41/nmc c = 5.200 ∼ 10.2
α= β = γ = 90◦
cubic
a = b = c Fm3m c = 5.063 -
α= β = γ = 90◦
orthorhombic I a = 10.220
a 6= b 6= c Pbca b = 5.310 ∼ 10.1
α= β = γ = 90◦ c = 5.080
orthorhombic II a = 5.553
a 6= b 6= c Pnma b = 3.303 ∼ 11
α= β = γ = 90◦ c = 6.482
Table 5.7: Structural data of all five solid-state phases of HfO2 [191, 107, 113, 192, 182].
gap of HfO2 is slightly bigger than in ZrO2 (3.58 eV for ZrO2 and 3.95 eV for HfO2) [182]. But still,
no other two compounds have a comparable similarity. Because of their strong chemical, physical, and
thermodynamical similarities, it is very attractive to test if this resemblance can be extended to their
behavior under swift heavy ion irradiation, with and without additional pressure.
5.3.1 Phase transitions in HfO2
Like ZrO2, HfO2 has five different crystalline conformations (for details see Table 5.7). Besides the
monoclinic phase at ambient conditions, it has two high-temperature (tetragonal and cubic) and two
high-pressure (orthorhombic-I and orthorhombic-II) polymorphs. At around 1700◦C, HfO2 changes to
the tetragonal, and above 2500◦C to the cubic phase. Melting occurs for temperatures above 2800◦C.
The structural phase behavior of HfO2 is displayed in the phase digram in Fig. 5.39.
5.3.1.1 monoclinic→ orthorhombic I transition
The same pressure induced transitions as in ZrO2 occur also in HfO2. At pressures between 4 and 9
GPa, the transition from monoclinic to the first high-pressure phase orthorhombic-I (space group Pbca)
takes place [195, 197]. This displacive transition is very sluggish at room temperature, so that up to 12
GPa residues of the monoclinic phase are still observed. The ortho-I structure of HfO2 is not quenchable
to ambient pressure.
5.3.1.2 orthorhombic I→ orthorhombic II transition
For higher pressures, a transition occurs from the first orthorhombic to the second orthorhombic phase
occurs. Like for ZrO2, the stability field of this ortho-II phase begins around 30-35 GPa and extends up
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Figure 5.40: Raman spectra of HfO2 irradiated at
ambient pressure with 11.1 MeV/u U-ions for var-
ious fluences.

















Figure 5.41: Raman spectra of HfO2 irradiated
with the same fluence (5×1012 ions/cm2 for vari-
ous ion species.
to at least 105 GPa [195, 192]. This transition is accompanied by a volume decrease of ∼ 9 %. This
reconstructive transition is also very sluggish at ambient temperature. At elevated temperatures (above
1300◦C), the transition into the ortho-II phase starts from the tetragonal structure and occurs then quite
temperature independent at 14.5 GPa. The ortho-II phase is highly incompressible, with a bulk modulus
of ∼ 312 GPa [195], and thus a candidate for ultra-hard materials. Once the ortho-II phase has been
fully formed, it is quenchable down to ambient pressure.
5.3.2 Irradiations at ambient pressure
Under swift heavy ion irradiation, HfO2 behaves similar to ZrO2. Fluence series for different ion
species were performed with 11.1 MeV/u. All irradiation parameters are listed in Table 5.8. The Raman
analysis of the fluence series with U-ions is shown in Fig. 5.40. The lowest spectum belongs to a pristine
(monoclinic) HfO2 sample. It has 16 dominant Raman bands at 112, 133, 148, 165, 242, 257, 324, 326,
383, 398, 499, 521, 550, 580, 641, and 673 cm−1. This Raman spectrum resembles the one of ZrO2 as
can be expected. The higher-frequency bands belong to the oxygen vibration and, since the configuration
of HfO2 resembles strongly the one of ZrO2, they appear at almost the same positions. It was proposed,
that because the substitution of Zr with Hf doubles the cation mass (from 91.2 to 178.5), all vibration
frequencies primarily produced by the cationen motion would decrease by ∼ 30 %, whereas frequencies
related to oxygen motion would retain their position [185]. This agrees well with observed results.
Above 400 cm−1 the ZrO2 and HfO2 look alike. And in the low-frequency region, the two strongest peaks
at 133 and 148 cm−1 in HfO2 are comparable to the two strongest peaks at 178 and 190 cm−1 in ZrO2.
This corresponds to a shift of ∼ 25 %, agreeing well with the prediction. This allows us to compare the
Raman behavior of HfO2 with the one of ZrO2.
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Figure 5.42: Raman spectra of HfO2
at various high temperatures. Dia-
gram taken from [198].
The radiation response to the Raman spectra is displayed in
Fig. 5.40. With increasing ion fluence the bands broaden and
merge together. Also a severe intensity loss is observed. The
most obvious effect is the vanishing of the bands at 112 and 165
cm−1 indicated by the dotted lines. Due to the strong analogy
between the two compounds, one would also expect a transition
into the tetragonal phase. Although one can observe an obvious
change, it does not resemble those the spectra of tetragonal ZrO2.
Comparing the spectra of highly irradiated HfO2 with spectra re-
ported in literature at high temperatures (see Fig. 5.42), one can
see that they resemble a spectrum obtained at around 1990 K,
which is the transition temperature from the monoclinic to the
tetragonal phase. (For higher temperatures it displays the char-
acteristic six-band spectra of the tetragonal structure). This gives
us the information that the energy input from the U-ions causes
a temperature increase of ∼ 1700 K. Of course, the effect is more
complex than a pure temperature increase. The tetragonal phase
can indeed be produced by high temperature but not stabilized to
ambient temperature. In the case of ZrO2 a temperature increase
of 1700 K is sufficient to be well within the stability field of the
tetragonal phase which starts above 1450 K. This is the reason
why the transformation is far more progressed for ZrO2 than for
HfO2 after ion irradiation with the same fluence.
Fluence series have been performed for Ni, Xe, Pb, and U ions.
Figure 5.41 shows the results of an irradiation with 5×1012
ions/cm2 for various ion species. Heavier ions produce more
damage at the same ion fluence. This is not surprising since
the electronic energy loss scales with increasing charge state Z2 of the projectile. At the energy of
11.1 MeV/u, the electronic energy loss is 11.9 keV/nm for Ni, 34.8 keV/nm for Xe, 53.5 keV/nm for Pb,
and 67.8 keV/nm for U-ions. Similar to ZrO2, one has to surpass an energy loss threshold before the ions
can induce a phase transformation. Experimentally, this threshold lies at ∼ 20 keV/nm [199]. Using the
thermal spike approach and assuming that the product of specific heat and density is the same for ZrO2










∼= (Tc − T0)
H f O2
(Tc − T0)ZrO2 (5.11)
with Tc being the transition temperature and T0 the starting temperature of the sample. According
to the thermal spike model, the energy loss threshold should scale with the corresponding transition
temperature. Using Eq. 5.11, we get a theoretical energy loss of 19.2 keV/nm which agrees well with
experimental findings.
82 5 Results and Discussion

































Figure 5.43: X-ray spectra of HfO2 irradiated at ambient pressure with 11.1 MeV/u U-ions for various
fluences (same sample as in Fig. 5.40).
For irradiation with Ni ions, the energy loss of 11.9 keV/nm is not high enough to provoke any phase
transformation, therefore no deviation from a pristine sample can be observed in Fig. 5.41. For all
other ion species, the electronic energy loss lies well above the threshold, therefore inducing a structural
change in the sample. Already for the Xe irradiation, the first Raman peak drops drastically and is
completely gone for Pb and U ion irradiation.
Complementary X-ray diffraction analysis has also been performed on the HfO2 samples irradiated
with U-ions. The diffraction patterns are displayed in Fig. 5.43. Pristine HfO2 has the same mono-
clinic structure as ZrO2 with its two strongest reflections [-111]m and [111]m at 9.01
◦ 2θ and 10.04◦,
respectively. The refined lattice constants are a = 5.126, b = 5.186, and c= 5.295 Å and an angle β
of 99.3◦. With increasing fluence, the [101]t reflection from the tetragonal phase starts to appear at
9.59◦ (indicated by the dashed gray line). This band becomes stronger with increasing fluence while
Table 5.8: Irradiation parameters for all HfO2 samples irradiated at the UNILAC at ambient pressure
conditions.
Ion Eini t dE/dx Fluence Φ Pressure Initial Final Radius
(GeV) (keV/nm) (ions/cm2) (GPa) structure structure (nm)
macro-crystalline HfO2
238U 2.64 67.8 0.05 - 1.0×1013 ambient mono part. tetragonal for Φ≥ 5×1012 6.8
208Pb 2.31 53.5 0.05 - 7.5×1012 ambient mono part. tetragonal for Φ≥ 7×1012 5.7
132Xe 1.47 34.8 0.05 - 1.0×1013 ambient mono part. tetragonal for Φ> 1×1013 4.0
59Ni 0.65 11.9 0.1 - 1.0×1013 ambient mono no transition induced —
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(a) (b)
Figure 5.44: Scanning electron microscopy images of pristine (a) and irradiated (1×1013 U-ions/cm2 )
HfO2(b).
the monoclinic reflections weaken. This is the same bahavior as for ZrO2. In contrast to irradiation of
ZrO2, the radiation induced phase transition is far from being complete for 1×1013 ions/cm2. It is still a
mixture of two phases with a tetragonal amount of ∼ 55 %. The tetragonal fraction seems to saturate at
this value. The [-111]m and [111]m reflections of the monoclinic phase are still clearly visible (indicated
by the gray dotted lines). Also the weaker bands ([100]m at 5.6
◦, [011]m at 7.7◦, and [110]m at 7.8◦) are
stable up to this high fluence. For ZrO2 the monoclinic fraction is no longer detectable. The calculated
lattice parameters for the tetragonal structure after 1×1013 U-ions/cm2 are a = 3.636 and c = 5.153
Å. In principle, the radiation induced transformation mechanism is the same for HfO2 and ZrO2 but the
energy introduced into the system by ion irradiation is not sufficient to complete the transformation in
HfO2. This might be due to the fact that the transition temperature is ∼ 550 K higher in HfO, or that the
HfO2 compound is by 42 kJ/mol more stable than ZrO2 [196].
5.3.3 Strain analysis
Figure 5.45: TEM image of pristine HfO2.
Pure HfO2 is like ZrO2 a fine white powder. For all exper-
iments a 99.95 % pure HfO2 powder, purchased from Alfa
Aesar™, was used. Via scanning- and transmission electron
microscopy (see Figs. 5.44 and 5.45)the crystallite size was
estimated to be around ∼ 150 nm. The SEM image indi-
cates no change in the crystallite size after irradiation with
1×1013 U-ions/cm2 (see Fig. 5.44(b)). As for ZrO2, the in-
duced transformation is probably due to radiation induced
defects in the form of oxygen vacancies and the therefore re-
sulting strain within the sample. The microstrain in the HfO2
sample was extracted from the X-ray diffraction data and
is depicted in Fig. 5.43. With increasing fluence, a strong
broadening of the XRD bands can be observed. The integral
























 value for pristine HfO2
Figure 5.46: Calculated microstrain ε in HfO2 versus ion fluence.
breadth of the reflections broadens by a factor more than five indicating strong strain in the sample. The
integral breadth β of the monoclinic [-111]m and [200]m and the tetragonal [101]t reflection as well as
the calculated microstrain are summarized in Table 5.9.
Figure 5.46 shows the progression of microstrain in the sample versus the U-ion fluence. The strain
in HfO2 shows a similar behavior as for ZrO2. The strain increases with increasing fluence, and peaks
for 5×1012 U-ions/cm2 before going down to a medium high value. Although the trend is the same,
the values are higher for HfO2 than for ZrO2. As mentioned before, the ions are not able to induce a
complete phase change in the material, so that always a mixture of the two phases is produced. Because
the tetragonal structure is denser than the monoclinic one, the radiation induced strain is enhanced
by the strain along the surface boundaries between the two crystal structures. For low fluence, one
can imagine a monoclinic crystal in which small domains of the tetragonal structure occur. Due to the
density difference of ∼ 0.5 g/cm3, a “ripping” occurs in the material. This strain should have a maximum
at an equal concentration of monoclinic and tetragonal phases. This agrees well with the peak at fluence
of 5×1012 U-ions/cm2 as the tetragonal fraction was estimated to be 49.7 %. With further increase of
the fluence, the phase mixture is shifted in favor of the tetragonal structure and less phase boundaries
Table 5.9: Integral breadth for two monoclinic reflections and one tetragonal reflection of irradiated
HfO2. The microstrain ε was calculated from Rietveld profile parameters.
Fluence (ions/cm2) β for [-111]m β for [200]m β for [101]t microstrain ε
0 0.089 ± 0.002 0.088 ± 0.002 0.001 ± 0.0002
8 × 1011 0.139 ± 0.042 0.0.232 ± 0.033 0.003 ± 0.0003
2 × 1012 0.266 ± 0.050 0.284 ± 0.048 0.422 ± 0.055 0.009 ± 0.0001
5 × 1012 0.429 ± 0.055 0.369 ± 0.041 0.604 ± 0.060 0.020 ± 0.0014
1 × 1013 0.589 ± 0.055 0.381 ± 0.052 0.805 ± 0.063 0.011 ± 0.0010




























Figure 5.47: Evolution of the tetragonal phase in HfO2 versus ion fluence for Xe, Pb, and U ions. The
solid curves are the best fit of Eq.(5.9) to the experimental data using a cascade-overlap model.
exist in the sample. Probably the strain derived from the X-ray diffraction data can be attributed to ion
irradiation and the resulting phase boundaries.
5.3.4 Transformation process
Figure 5.47 shows the tetragonal amount in percent of HfO2 versus the ion fluence for three different
ion species. Similar to ZrO2 the evolution of the tetragonal phase shows a sigmoidal shaped behavior
so that one can assume the same double damage overlap mechanism as described for ZrO2 in Section
5.1.5. Note that the curves do not saturate around 100 % but far lower at ∼ 50 % for heavy and 40 % for
medium heavy ions. The ions are not capable to induce a full transformation. The curves give the best
fit of Eq. 5.9 to the measured data. From this, we derived a saturation value of A(∞) = (53.5 ± 1.6) %,
σ = (1.45 ± 0.08)×10−12 cm2 for U-ions, A(∞) = (52.0 ± 1.8) %, σ = (1.01 ± 0.08)×10−12 cm2 for
Pb-ions, and A(∞) = (40.3 ± 2.4) %, σ = (4.45 ± 0.20)×10−13 cm2 for Xe-ions. From the damage cross
section σ the following ion track radii were deduced: (6.79 ± 0.2) nm for U, (5.67 ± 0.2) nm for Pb,
and (3.76 ± 0.2) nm for Xe ions. The radii are also listed in Table 5.8.
5.3.5 Comparison to thermal spike calculations
As for ZrO2, thermal spike calculations have been performed to compare our experimental results with
the theoretical model. The band gap energy of monoclinic HfO2 is 3.95 eV [182]. From Fig. 5.13, one can
see that the electron-lattice interaction mean free path λ should be around 5 nm. For ZrO2 we already
showed that the “melt-phase” approach, which means that the energy introduced into the sample is high
enough to raise the temperature from the irradiation temperature to the melting temperature (3030 K
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Figure 5.48: Measured track radii in HfO2 produced by Xe, Pb, and U ion irradiation at 11.1 MeV
compared to thermal spike calculations assuming track creation by melting T > Tm for various mean
free paths λ.
for HfO2 [131]), provided best agreement with the measured data. The thermal conductivity of HfO2 is
1.8 W/K m. Thermal spike calculations have been performed for λ = 4, 4.5, and 5 nm. The resulting
curves are shown in Fig. 5.48. The measured track radii for all tested ion species agree (within error
bars) well with the theoretical values calculated for the molten track mechanism. Also for HfO2, the best
agreement occurs for λ = 5 nm with the reasonable assumption of a band gap energy of 3.95 eV (see
Fig. 5.13). Also for HfO2, the thermal spike calculations are a useful tool for predicting the damage track
radius.
5.3.6 Pressure dependence of pristine HfO2
Before combining irradiation and high pressure in the forthcoming experiments, the influence of pres-
sure alone on HfO2 was tested. Therefore, HfO2 was hydrostatically compressed in a DAC, and Raman as
well as X-ray diffraction measurements were performed under pressure. Several compression cycles have
Table 5.10: Lattice parameters and structural composition for HfO2 at various pressures.
Pressure Phase a b c β
(GPa) (Å) (Å) (Å) (◦)
ambient monoclinic (100 %) (5.126 ± 0.003)m (5.186 ± 0.003)m (5.295 ± 0.003)m 99.3
4.3 mono + ortho-I (3.0 ± 0.6) % (5.087 ± 0.003)m (5.191 ± 0.004)m (5.235 ± 0.003)m 98.9
7.5 mono + ortho-I (39.8 ± 3.5) % (9.967 ± 0.008)o−I (5.196 ± 0.005)o−I (5.172 ± 0.007)o−I 90
10.5 mono + ortho-I ((64.3 ± 3.8) %) (9.923 ± 0.010)o−I (5.201 ± 0.006)o−I (5.011 ± 0.006)o−I 90
14. mono + ortho-I (83.5 ± 3.5) % (9.881 ± 0.006)o−I (5.191 ± 0.004)o−I (4.989 ± 0.04)o−I 90
17.7 ortho-I (92.4 ± 4.0 %) (9.825 ± 0.010)o−I (5.180 ± 0.010)o−I (4.938 ± 0.012)o−I 90
21.5 ortho-I (100 %) (9.780 ± 0.008)o−I (5.172 ± 0.008)o−I (4.927 ± 0.010)o−I 90
45.0 ortho-II (100 %) (5.152 ± 0.006)o−I I (3.131 ± 0.008)o−I I (6.432 ± 0.008)o−I I 90
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Figure 5.49: Left: Raman spectra of HfO2 at various pressures. Right: Raman spectra of HfO2 quenched
from different pressures.
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Figure 5.50: Left: X-ray diffraction patterns of HfO2 at various pressures. Right: X-ray diffraction pattern
of HfO2 quenched from different pressures.
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Figure 5.51: X-ray diffraction patterns of HfO2 irra-
diated with 1×1013 U-ions/cm2 under various pres-
sures.
been performed to quench the sample from differ-
ent pressures. The Raman spectra of pressurized
HfO2 are displayed in Fig. 5.49. At ambient pres-
sure, 16 Raman modes can be observed. With
increasing pressure most bands shift to higher
wavenumbers before new bands appear above 5
GPa, belonging to the first high-pressure phase
orthorhombic-I. The most prominent change is in
the low-frequency region in which more bands ap-
pear, the most important at 199 and 397 cm−1.
Up to 14 GPa, there is still an overlap of the mon-
oclinic and ortho-I structures. Around 17 GPa,
the sample has completely transformed. For pres-
sures above 30 GPa, a transition into the second
high pressure phase (orthorhombic-II) occurs, in-
dicated by the intensity drop of the band at lower
wavelength and the dominance of the broad band
at 513 cm−1. So far, the behavior with respect to
pressure does not differ between HfO2 and ZrO2.
Even the phase boundaries are located at simi-
lar pressures. In order to know in which phase
the sample exists after quenching from various
pressures, two pressurization and quenching cy-
cles have been performed. The quenching results
from 10 and 40 GPa are shown in the right graph
of Fig. 5.49. For both cases, the samples returned
to the ambient, monoclinic pressure phase. Since
the first high-pressure phase is not quenchable,
this was expected, but the second high-pressure
phase should be quenchable once produced. Similar to ZrO2, the ortho-I to ortho-II transition is of re-
constructive type needing a large amount of excess energy to complete the transformation. Obviously,
40 GPa does not suffice to stabilize the ortho-II phase, and additional pressure would be needed. One
should mention that the sample remained 1 day at this high pressure before being quenched. It might
be that this in not long enough to overcome the inertness of the transformation process. Under elevated
temperature, the transition into the ortho-II phase occurs already at 14.5 GPa [195]. But some indication
of the pressure history is visible for both quenched samples. A small band at 199 cm−1 could be detected,
which belongs to the first high-pressure phase.
For completeness, also X-ray analysis was performed on pressurized HfO2. Figure 5.50 shows the X-ray
diffraction patterns of a different pressurization cycle for pressures up to 21.5 GPa. Additionally a spec-
trum measured at the BGI at 45 GPa (X-ray energy corrected) was included into the graph. The X-ray
measurements give the same results as the Raman measurements. The monoclinic→ ortho-I transition
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34.6 5.680 3.455 6.601
40.0 5.653 3.434 6.594
Table 5.11: Refined lattice parameters for the predominating crystalline structures of HfO2 irradiated
with 1×1011 U-ions/cm2 under pressure.
starts at around 4.3 GPa and can be observed best by the very weakly appearing [211]o−I reflection at
9.7◦. This reflection grows stronger with increasing pressure whereas the monoclinic reflections [-111]m
at 9.0◦ and [111]m at 10.1◦ become weaker. The transition is also quite sluggish, so that a mixture of
both phases can be observed up to very high pressures. For example at 10.5 GPa, 35.7 % of the sample
are still monoclinic although it is already well within the stability field of the first high-pressure structure.
The monoclinic concentration decreases with increasing pressure and disappears above 17 GPa. At 45
GPa, the sample displays all characteristic features of the second high-pressure phase. The refined crystal
lattice parameters for the predominant structure and phase concentration are summarized in Table 5.10.
After quenching from 21.5 and 10.5 GPa, the sample changes back into its monoclinic form which is
shown in the right graph of Fig. 5.50. All bands which belong to the monoclinic phase return and are
dominating the spectra. But, as already observed in the Raman data, some small amount of the ortho-I
phase remains in the obtained sample. About 15.7 % for the sample quenched from 21.5 GPa and 7.5 %
for the sample quenched from 10.5 GPa are still ortho-I. This very small amount is probably due to still
unrelaxed grains within the sample. HfO2 pressurized up to 45.0 GPa remains in the ortho-II phase even
after the pressure is released which is not surprising since ortho-II is quenchable. So one should keep
in mind that for pressures up to at least 21.5 GPa no high pressure phase can be perserved to ambient
conditions.
5.3.7 Pressure dependence of irradiated HfO2
Now the pressure behavior of already irradiated material will be discussed. HfO2 powder previously
irradiated with 1×1013 U-ions/cm2 was mounted hydrostatically in a DAC. Upon pressurization, the
diffraction patterns of the sample were recorded at several pressure steps (see Fig. 5.51). Different from
ZrO2, only about 53 % of the irradiated sample had changed into the tetragonal form, so a different
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pressure behavior might be possible. With increasing pressure, the monoclinic fraction disappears so
that sidebands next to the [101]t reflection at 9.7
◦ are no longer detectable. It seems that the additional
introduced energy in the form of pressure increases the tetragonal amount. At the same time, a second
transition occurs in the sample. As already observed for ZrO2, we probably see a transition from the
tetragonal to the cubic structure. Due to the very broad peaks, both structural models can be fitted to the
spectra. But since we observed a transformation from the tetragonal into the cubic phase in ZrO2 during
pressurization, the cubic structure can be assumed in this case. All refined lattice parameters are listed
in Table 5.11. For lower pressures, the calculated lattice parameters are given for the refinement with
the cubic and the tetragonal structure. Around 30 GPa, the transition from the cubic into the ortho-II
structure begins. This can be observed by the band of the [200]oI I reflection appearing at 10.4
◦. At
40 GPa the sample exists in a mixture of cubic and orthorhombic-II HfO2. The sample quenched from
40 GPa (see Fig. 5.51) exhibits mainly orthorhombic-II features, comparable to the quench behavior
of unirradiated HfO2. The ortho-II phase seems to be a superior structure. In spite of the extremely
damaged starting material, it is formed at the same pressure conditions and when quenched shows no
longer evidence of the radiation history. Although the crystalline structure is not the same as at ambient
conditions, this behavior might be an indication of pressure induced defect annealing.
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Figure 5.52: Raman spectra at ambient conditions of different HfO2 samples: (a) pristine, (b) pressurized
without irradiation, (c) irradiated with 3×1011 Pb-ions/cm2 but without pressure, (d) irradiated with
3×1011 Pb-ions/cm2 at a pressure of (11.0 ± 0.3) GPa.
5.4 Irradiations under high pressure
As already shown, the response of a material to swift heavy ion irradiation changes if it is simulta-
neously exposed to high external pressure. Experiments for high as well as low fluences and different
pressures have been conducted. Also in the case of HfO2 the results differ from irradiations at ambient
conditions. For the first experiment, HfO2 was mounted in a DAC and hydrostatically pressurized up
to 11.0 GPa. Then, the sample was exposed to 3×1011 Pb-ions/cm2, a fluence at which usually no de-
tectable change happens. Afterwards the pressure was released, the sample unmounted, and analyzed
via Raman spectroscopy. The result compared to pressure- and irradiation- reference samples are shown
in Fig. 5.52. The red (top) curve is the Raman spectrum of the HfO2 sample irradiated while being
pressurized. This looks like a spectrum of a sample irradiated with much higher fluences (compare with
Fig. 5.40). The band at 112 cm−1 is almost completely gone and the one at 165 cm−1 is also strongly
diminished. At higher wavenumbers a strong broadening of the Raman bands can be observed. The
sample exhibits a spectrum usually observed when irradiated with a fluence of one order of magnitude
higher. The reference samples prove that neither pressure (blue curve) nor irradiation alone (green
curve) could have provoked this strong deformation. But as for irradiations at ambient pressure, no
complete transformation into the tetragonal phase is observed. The red curve exhibits one other change
which has not been observed for any previous investigated radiation response. At 197 cm−1, a small
peak appears which does not belong to any high-temperature polymorph of HfO2. Comparing it with the
pressure reference sample, one can assume that this band is some relict of the first high-pressure phase
which did not relax back yet during the decompression. This is surprising since the first high-pressure
phase is not stable at ambient pressure. This peak is even stronger pronounced than for the reference
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Figure 5.53: Raman spectra at ambient conditions of different HfO2 samples: (a) pressurized to 10.a
GPa but not irradiated, (b) irradiated with 2×1012 U-ions/cm2 but without pressure, (c) irradiated with
2×1012 U-ions/cm2 under pressure of (10.2 ± 0.3) GPa.
sample. This is the first indication of an interesting radiation response behavior which can be clearly
identified for high-fluence radiation conditions.
The radiation response under pressure is more pronounced when the ion fluence reaches the overlap
regime. Therefore, a similar experiment has been performed for a fluence of 2×1012 U-ions/cm2 on a
sample compressed to 10.2 GPa. The results plus comparison to references is shown in Fig. 5.53. The
sample irradiated under pressure shows quite a surprising response. Instead of changing into the high-
temperature tetragonal form as observed for ZrO2, it remains in the high-pressure (ortho-I) structure,
clearly indicated by the strong bands at 113, 132, 193, and 370 cm−1. Besides the red shift, due to
the applied pressure, the measured sample looks exactly like the one obtained at 10.2 GPa (compare
with Fig. 5.49). Since this high-pressure phase is usually not quenchable it is amazing to see it pre-
served to ambient conditions. The sample remains stable over a period of at least one year and is not
influenced by the energy of the detecting Raman laser light. It is also noteworthy that besides all the
strong similarities of ZrO2 and HfO2, their radiation response under pressure differs immensely. To gain
a better understanding of this transformation process, the experiment was repeated to look at the trans-
formation steps also under high pressure. Figure 5.54 shows the transition route after pressurization,
irradiation and decompression. The first picture (Fig. 5.54(a)) shows the XRD spectrum of pristine HfO2
in its monoclinic structure with its two strong peaks at around 9◦ and 10◦. This structure possesses the
largest number of degrees of freedom with the unit cell having three different cell vectors and one not
right-angle β [113]. Therefore the diffraction image shows a large number of diffraction rings. With
increasing pressure the ortho-I structure begins to form clearly indicated by the [211]o peak growing
between the two monoclinic peaks at 9.7◦. Of course, also peaks at lower and higher diffraction angles
change but the transition becomes most obvious in the region around 10◦.
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Figure 5.54: X-ray diffraction spectra of the different stages of the experiment. At ambient conditions
HfO2 shows peaks of the monoclinic structure (a). Pressurized to 10.2 GPa, new reflexes which belong
to the ortho-I phase appear as a mixture of monoclinic/ortho-I (b). Additional irradiation with 2×1012
U-ions/cm2 provokes a completion of the transition into ortho-I (d). When releasing the pressure, the
unirradiated sample transforms back into its monoclinic form (c), whereas the irradiated sample remains
stable in the high pressure phase (e). Below the X-ray spectra, their respective diffraction images are
shown.
Although the ortho-I structure is dominating at 10.2 GPa, there is still more than 30 % of the sample in
the monoclinic phase. Quenching the unirradiated sample back to ambient pressure it changes back into
the monoclinic structure. Directly after quenching, a very small signal of the previously existing high-
pressure phase (∼ 7.5 %) remains, which further decreases when the sample has more time to relax. If
however the sample is irradiated under a pressure of 10.2 GPa, we observe a complete transformation
into the first high-pressure phase with a lattice structure of a = 10.012, b = 5.189, and c = 5.051 Å.
Not even the slightest signal of the monoclinic phase is detected. This transformation is even stronger
progressed than under a simple pressurization up to 20 GPa. Due to the higher symmetry of ortho-I com-
pared to monoclinic, the diffraction image shows fewer but very strong diffraction rings. This degree
of transformation is truly remarkable. But the most remarkable situation can be observed after decom-
pression. As mentioned before, the ortho-I structure can not be quenched neither for HfO2 nor for ZrO2.
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Figure 5.55: Transmission electron microscopy images of pristine (left column) and under pressure
irradiated (10.2 GPa and 2×1012 U-ions/cm2) HfO2 (right column).
Therefore, it is extremely surprising to observe that the ortho-I structure is perserved down to ambient
pressure. Small impurities of the monoclinic phase are visible at ambient pressure but more than 93 % of
the sample exists in its ortho-I structure. This phase is not only stable directly after quenching but could
be preserved until this day. The refined lattice parameters are a = 10.043, b = 5.239, and c = 5.071.
This is a very good example how the combination of swift-heavy ion irradiation with high-pressure is
capable to not only induce untypical phase transformations but also stabilize usually unstable structures
to ambient conditions.
To additionally confirm the orthorhombic structure (besides Raman and XRD), TEM examinations have
been performed (see Fig. 5.55). As for ZrO2 no nanocrystallization effect can be observed after irradi-
ation. But the irradiated samples also show a ripple-like structure pointing to a large amount of strain
within the sample. As for the high-resolution images, one can clearly see that no amorphization was
induced since the irradiated sample still shows a periodical structure. The observed structure and addi-
tional diffraction measurements also point to the orthorhombic phase with probably some small mixture
of the monoclinic one. The lattice structure is not even as is should be for the cubic or tetragonal phase
so a transition into these structures can definitely be ruled out.
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Figure 5.56: Total energies of HfO2 con-
formations vs. volume. This picture is
taken from [191].
Now the question arises what, despite all the strong sim-
ilarities between HfO2 and ZrO2, causes this difference in
radiation response under pressure. As shown before, the
behavior under pressure alone is the same for ZrO2 and
HfO2. Also the radiation response is very similar for both
materials. A multiple-damage overlap mechanism induces a
phase change from monoclinic to tetragonal. But the behav-
ior under ion irradiation is not exactly the same. Whereas
ZrO2 transforms completely into the tetragonal form, HfO2
can only be shifted to the transition boundary of these two
phases. HfO2 seems to be much less sensitive to irradia-
tion than ZrO2. The energy transferred by the ions does not
suffice to invoke a phase transformation in the target: this
is attributed to the higher transition temperature. Under
pressure, the transition temperature is lowered by ∼ 400 K
but still the irradiation process does not change the sample
to the high-temperature phase. Actually the additional irradiation completes the sluggish process of
transformation into the high pressure phase in whose stability field the sample already exists (see Fig.
5.54(d)). The fact that HfO2 is more stable than ZrO2 [196] might have an effect on the radiation re-
sponse under pressure. Lowther et. al. and other groups have shown, via total-energy calculations, that
besides the general similarity between the phases of ZrO2 and HfO2, the relative ordering in energy of the
phases has some influence on the formation of the phases, especially the first orthorhombic phase and
its formation from the monoclinic phase [113]. The total energies of the monoclinic and ortho-I phases
lie within a much closer energy range (∼ 10 meV [113]) for HfO2 than for ZrO2 suggesting that the
transformation between these two structures is more sensitive towards external factors (see Fig. 5.56).
Therefore, already at 10 GPa a completion of the transition into the ortho-I structure seems to be ener-
getically more favorable than a change into the tetragonal one. Still, the ions introduce some additional
stabilization which allows the quenching of this usually unstable phase. If again strain, evoked by lattice
defects and vacancies, is the dominating fact, this demands further insight into the defect production
mechanism.
5.4.1 Irradiation under various pressure conditions
So far, only irradiation experiments conducted around 10 GPa, with pressures well within the stability
field of the ortho-I structure, have been discussed. We observed a completion of the transition into ortho-
I which remained stable even at ambient conditions. Additional experiments have been performed at 3.6,
24.1, and 45.0 GPa, where each sample existed in a different phase before irradiation. At 3.6 GPa, HfO2
is monoclinic as at ambient pressures, at 24.1 in the ortho-I structure but close to the transition boundary
of the ortho-II phase, and at 45.0 GPa it is well within the ortho-II phase. For the sample irradiated at
3.6 and 24.1 GPa, XRD measurements have been performed with a wavelength of λ = 0.7108 Å (Mo
Kalpha) under pressure at the BGI. The results are shown in Figs. 5.57 and 5.58. On all samples Raman
measurements were performed after decompression to ambient pressure, outside the pressure cell (see
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Figure 5.57: X-ray diffraction pattern of HfO2 at
3.6 GPa before and after irradiation with 3×1012
U-ions/cm2 (λ = 0.7108 Å)
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Figure 5.58: X-ray diffraction pattern of HfO2 at
24.1 GPa before and after irradiation with 3×1012
U-ions/cm2 (λ = 0.7108 Å)
Fig. 5.59). Before irradiation, the sample at 3.6 GPa displays all characteristic peaks of the monoclinic
structure. After irradiation with 3×1012 U-ions/cm2 the pattern has completely changed into the one of
the ortho-I structure, clearly visible by only one band at around 14◦ belonging to the [211]oI reflection of
the orthorhombic structure. It should be noted, that also in this case the sample exists completely in the
ortho-I phase. Obviously, already at these low pressures the ions provoke a complete transformation into
the high-pressure phase. This is a similar behavior to an irradiation at around 10 GPa, but obviously the
ions not only enhance the transformation process but can also induce it. The pressure was determined
after irradiation and showed no increased value; so internal pressure increase can be excluded. However,
after pressure release the sample changed again (see Fig. 5.59). It is a mixture of the monoclinic and
tetragonal phase which would be observed after irradiation with high fluences. Although a transition
into the high-pressure phase occurred, the sample could not maintain it to ambient pressure, in contrast
to a sample irradiated at 10.5 GPa. Whatever causes the stabilization of the first high-pressure phase
after an irradiation at about 10 GPa, this result is not only due to the combination of high pressure and
ion irradiation but the energy introduced by these two parameters has to be above a certain threshold to
stabilize the ortho-I phase once produced under irradiation.
For irradiation at even higher pressures the behavior changes again. Figure 5.58 shows the diffraction
patterns of HfO2 at 24.1 GPa before and after irradiation with 3×1012 U-ions/cm2. Before irradiation,
the sample exists in the first high-pressure phase ortho-I. As shown in Section 5.3.6, HfO2 exists in this
structure up to 30 GPa above which the second high-pressure phase, ortho-II, is formed. After irradiation
the diffraction pattern changed. The sample is no longer ortho-I but changed entirely into the ortho-
II structure. Obviously, close to the transition boundary as for ZrO2, the ions are capable to induce a
transition along the pressure route. It seems that the ions can induce stress within the sample which
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and quenched from 
Figure 5.59: Raman spectra of quenched HfO2 irradiated at various pressures with 3×1012 U-ions/cm2
corresponds to a pressure of more than 6 GPa to evoke this pressure transition and complete it. Because
the ortho-II structure is quenchable to ambient conditions, it could be measured outside the pressure cell
(see Fig 5.59). The strong Raman band at 119 cm−1 is a clear indication of the ortho-II phase [121]. For
ZrO2 and HfO2, both quenched spectra from irradiations under very high pressures exhibit very similar
features, stressing again that both oxides are isostructural (compare with Fig. 5.30). After irradiation
of HfO2 which already exists in the second high-pressure phase before irradiation no additional leads to
no additional phase change. Also no obvious radiation defects can be observed. For HfO2 as well as for
ZrO2, ortho-II is the most stable structure showing no influence towards high-fluence irradiations with
swift heavy ions.
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6 Conclusion
This thesis sheds light on the response behavior of ZrO2 and HfO2 ceramics to heavy-ion irradiation,
high pressure, and the combination of these two extreme conditions. Emphasis is placed on the struc-
tural conformations and their stability induced by these parameters.
Under high pressure, both materials pass through different crystalline phases. At ambient conditions,
they exist in the monoclinic structure and change into the first orthorhombic phase (ortho-I) for pres-
sures above 4 GPa. This phase only exists under pressure and can not be recovered to ambient pressure.
Increasing the pressure above 30 GPa, a transition occurs into the second high-pressure phase (ortho-II)
which is also of orthorhombic nature. This phase can be quenched to ambient pressure.
It is demonstrated that in HfO2 as well as ZrO2, high-fluence irradiations at ambient pressure result in a
transformation from the monoclinic into the first high-temperature structure (tetragonal). Not only is the
tetragonal phase produced, but also stable at ambient conditions after irradiation, allowing a thourough
analysis of the transformation mechanism. Heavy ion irradiation with Xe, Au, Pb, and U ions show that
the radiation induced transformation requires multiple ion impacts to produce sufficient defects within
the sample. Therefore, very high fluences are needed to evoke any transformation. Grain-size and strain
analysis prove that pronounced internal strain is introduced during irradiation. This strain is associated
to defects such as interstitials and vacancies which are generated by this process. The double impact
mechanism for ambient irradiations can be explained by the need to provide sufficient defect density
to induce local strain fields. An ion hitting a pre-damaged region, triggers at the same spot the trans-
formation from defective monoclinic to the tetragonal. Damage track radii for all tested ion species are
deduced from the experimental data and prove to be in good agreement with calculated values. The
thermal spike model is identified as a valuable tool to predict radiation damage cross sections within the
two investigated materials.
The simultaneous exposure to heavy ion irradiation and high pressure, however, shows different re-
sults. At pressures around 10 GPa, the ions already induce the above mentioned structural transition
for fluences more than one order of magnitude less than at ambient conditions. This is attributed to
the pressure induced strain, taking over the part of the first ion pre-damaging the material. Therefore,
the first ion is sufficient to trigger the transformation. XRD spectroscopy of pressurized samples reveals
that the transformation is not a direct transition from monoclinic to tetragonal phase but takes a detour
via the cubic phase. At pressures above 20 GPa, the two high-temperature polymorphs are no longer
accessible. In this case, the radiation provokes a transition into the second high-pressure phase which
can be quenched to ambient presssure.
HfO2 exhibits the same structural conformations (monoclinic, tetragonal, cubic, orthorhombic-I, and
orthorhombic-II) as ZrO2. A comparative study of ZrO2 and HfO2 shows that their close similarity is
mirrored in their response to either irradiation or high pressure. However, for pressures up to 11 GPa,
the response to the combination of both conditions differs from that observed in ZrO2. Ion irradiation
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at 10 GPa does not induce a phase transition into a different (high-temperature) phase, but results in
an intensification of the predominating orthorhombic-I phase. Under decompression, this phase can be
quenched down to ambient pressure and remains stable indefinitely. This is a very remarkable effect
since the orthorhombic-I structure is usually not stable at ambient pressure and therefore can not be
preserved. At higher pressures, when the sample is already close to or in the second high pressure phase,
HfO2 behaves similar to ZrO2. The orthorhombic-II phase shows no response to radiation up to 3×1012
U-ions/cm2. The highest-pressure structure seems to be extraordinarily radiation resistant making it
interesting for further radiation hardness tests.
Obviously, the combination of high pressure and heavy ions play an important role in the phase trans-
formation process, including pressure-enhanced radiation effects as well as pressure effects enhanced by
radiation. This methodological approach provides a powerful tool for gaining access to unique, unstable
high-pressure phases and recovering them to ambient conditions. This might lead to a future use of new
materials that have so far been inaccessible.
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As shown in this work, combination of high pressure and ion irradiation offers a powerful method for
inducing structural changes far from their actual stability field and stabilizing usually unstable structures
to ambient conditions. Due to the novelty of this approach, there is of course a vast reservoir of materials
with numerous structural configurations that need to be tested under similar conditions. Introducing
high temperature as a third parameter during irradiation under high pressure opens access to even more
structural configurations and allows the study of materials response to the simultaneous exposure of
several extreme conditions. In this way, transformation processes may occur that are usually hindered at
ambient conditions.
Often, high-pressure structures are associated with enhanced properties, which make their stabilization
desirable. It is a well-known fact that under extremely high pressure most materials become conductive
or even superconductive [200]. It is an ambitious goal to maybe one day stabilize a conductive structure
of insulators to ambient conditions.
As for the investigated materials, I have shown that the orthorhombic-II structure shows very good
radiation hardness making it a promising candidate as superhard material for industrial applications and
replacing the artificially stabilized tetragonal form.
In this work, only the structural properties of the samples were analyzed via X-ray diffraction, Raman
spectroscopy, and electron microscopy (REM and TEM). But during the period of this thesis, new analysis
possibilities have been developed and introduced which could shed more light onto the changes induced
by irradiation. The following pre-experiments with two analytical methods have proven to be quite
useful and should be considered for future investigations.
7.1 SAXS experiments under high pressure
When looking at ion track structures, one can use either indirect measurements by deriving the
damage cross section from the defect evolution, or imaging methods such as TEM or AFM. Indirect
methods are not always possible or afflicted with large uncertainties and imaging methods often in-
duce a damage of the material. Also, the access channel of the imaging probe (i.e. electron beam
for TEM and tip for AFM) is incompatible with high-pressure apparatuses. To study the size of the
the ion track which forms under pressure, or the kinetics of ion tracks under increasing pressure,
an in-situ analysis method has to be applied. Small angle X-ray scattering (SAXS) offers a power-
ful tool to investigate the ion track size under pressure. Similar to wide angle scattering (WAXS)
the photons interact with the electrons of the sample are thus scattered. Interference patterns of the
scattered photons are recorded. The intensity I(q) is measured as a function of the angle 2θ at a
certain distance to the sample. If the scattering objects become large compared to the incident X-
ray wavelength, interference patterns occur at smaller angles. Typical detection angles for SAXS are
≤ 5 ◦, so structures in the size of several ten nm can be resolved. However a cylindrical ion track
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Figure 7.1: Upper row: Scattering image of ion tracks in apatite at ambient pressure, outside a DAC
(left) and at a pressure of 1.2 GPa inside a DAC (right). Lower row: Scattering intensities as a function
of scattering vector q. The black solid lines are fits of a hard cylinder model to the data.
and the crystalline matrix in which it exists consist of the same material. Therefore, SAXS is only
observed when electron density inhomogeneities of a certain magnitude exist in the sample [201].
Figure 7.2: Experimental setup for
SAXS measurements inside a DAC
at the Australian Synchrotron in
Melbourne.
The scattered intensity is proportional to the square of the electron
density difference (ρ1−ρ2). If ρ1 and ρ2 are equal, the X-ray beam
sees only a homogeneous electron density continuum and no track
[202]. Pre-experiments have been performed on Durango apatite
[Ca10(PO4)6(OH, F, Cl)2, because ion tracks with low electron den-
sity compared to the matrix are easily created. A thin (∼ 50 µm)
apatite crystal was irradiated with 1×1011 U-ions/cm2 with a ki-
netic energy of 11.1 MeV/u. At this fluence, on can assume that
around ten percent of the sample is covered with ion tracks. The
SAXS measurements were performed at the Australian Syncrotron
in Melbourne with a X-ray energy of 12 keV (1.033 Å) and a sam-
ple to detector distance of 1.6 m. The samples were mounted on
a three-axis gomiometer for precise alignment. All samples were
tilted by 10 ◦ during the measurements. The upper row of Fig. 7.1
shows the detector images of Apatite outside a DAC (left) and in-
side a DAC at 1.2 GPa (right). Although they are very weak under
pressure, in both cases a streaky scattering pattern resulting from
the ion tracks can be observed. The lower row of Fig. 7.1 shows the
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scattering intensities as a function of the scattering vector q. The black lines are fits of a hard cylinder
model (assuming cylindrical ion tracks with sharp boundaries and constant density inside the track) to
the data. The scattering intensity is expressed by I(q)∼ | f (q)|2 · e−σ2Dq where σD is the phenomenologi-
cal roughness parameter and f (q) the form factor [203]. The form factor for the hard cylinder model is
given by f (q) = (2piLR∆ρ/q) · J1(Rq), where L is the track length, R the track radius, ∆ρ the electron
density difference between track and matrix, and J1 the first-order Bessel function [203]. For a pressure
of 1.2 GPa no strong change in the track radius could be observed. In both cases the fits resulted in values
of 5.1 nm. With increasing pressure the signal intensity weakens, and the track size becomes difficult to
derive. These were just some preliminary test results, but in principle SAXS can be performed in-situ on
pressurized samples and allows the study of ion track behavior as a function of pressure.
7.2 NMR analysis of radiation defects
In this study the investigated material responded to heavy ion irradiation via a structural phase change.
But besides some other materials which amorphize under irradiation, most materials show a different be-
havior. In the case of ionic crystals, especially LiF, point defects and related clusters are formed. Mainly
F-centers (also called color centers) consiting of an electron and an anion vacancy are created [204].
Structural analysis yields no information about this kind of defect. Because these defects are paramag-
netic, nuclear magnetic resonance (NMR) is a very good analyzing method to provide information about
the dynamics and concentration of the F-centers [205]. A new experimental setup at the Technical Uni-
versity of Darmstadt designed by A. Gädke and H. Stork allows depth resolved investigation of radiation
defects within ion irradiated crystals without destroying the sample.
The great advantage of the setup designed by A. Gädke and H. Stork is the use of a magnet with static
field gradient and the change from ordinary coils to specialized flat coils [206, 207, 208].
The maximum of the field gradient is at the center with 160 T/m [206] but the field profile radial to
z has a very strong curvature which results in a inhomogeneous radial distribution of the magnetic field
on a macroscopic sample. As measured by A. Gädke, the iso field lines are very flat at a distance of ± 10
cm from the z-center of the magnet. Here, the field gradient with 74 T/m at a magnetic field of 3.8 T is
still large enough for our needs. The advantage of using a magnet with strong field gradient is that each
position of the sample feels a different magnetic field therefore only, a small part fulfils the resonance
condition when a radio-frequency pulse is introduced into the sample. One gathers only information of





with G being the magnetic field gradient and tp the pulse duration of the radio-frequency pulse. With a
very accurate stepping motor, the sample is moved, so that each position of the sample is scanned. This
allows a depth resolved analysis of radiation induced defects with an resolution of a few µm.
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Figure 7.3: Relaxation rate versus sample depth for LiF irradiated with 3×1011 Xe- and C-ions/cm2. The
red curves are the calculated energy losses within the sample.
7.2.1 Unilac irradiated samples
In ionic crystals, the spin-lattice relaxation is dominated by the spin relaxation on paramagnetic de-
fects. The electron spins of the radiation-induced, paramagnetic F-center interacts via dipole-dipole
coupling with the nuclear spins which creates a faster relaxation of the system towards thermal equi-
librium [209]. From this, one can easily conclude that higher concentration of F-centers leads to faster
relaxation times (T1) of the magnetization towards equilibrium and therefore higher relaxation rates
(T−11 ). When heavy ions are shot into LiF with typical UNILAC energy of 11.1 MeV/u, the penetration
depth is limited to ∼ 100 µm. This means that for samples thicker than 100 µm only a small part of
the crystal has been irradiated. For previous NMR analysis on irradiated samples, one could investigate
a the whole sample, measuring a signal mixture of irradiated and unirradiated material. Now, signals
from irradiated and unirradiated positions can be clearly distinguished. Figure 7.3 shows the relaxation
rate profile at various positions for LiF irradiated with 3×1011 Xe- and C-ions/cm2. The red curves are
the calculated energy loss within the sample [22]. The ion range is about 96 µm for Xe ions and 255 µm
for C ions. In the first hundred µm of the Xe-irradiated sample, the relaxation rate is elevated. Behind
the penetration depth of the ions, the relaxation rate decreases strongly but is still enhanced compared
to a pristine sample. The same effect can be observed in C-irradiated LiF. The calculated projected range
is about 255 µm. Deeper within the crystal the magnetization rate decreases again to a similar level as
for the Xe-irradiated crystal. Assuming that each F-center has the same effect on the relaxation rate, one
can see that the F-center creation depends strongly on the electronic energy loss.
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Figure 7.4: Relaxation rate versus the sample depth. This graph contains the signal of three individual
LiF crystals which have been irradiated with 3×1011 Xe-ions/cm2 and an energy of 170 MeV/u behind
one another. The red line is the calculated electronic energy loss within the sample.
7.2.2 SIS Irradiated Samples
This method can also be applied to larger crystals. This way, the defect profile over a large range
can be investigated. By using mechanically uncoupled crystals behind one another, the origin of defects
beyond the projected ion range can be investigated. Fig. 7.4 shows the relaxation rate profile of three
individual LiF crystals that have been irradiated behind each other at the SIS with 3×1011 Xe-ions/cm2
and an energy of 170 MeV/u. The ion beam travelled completely though the first two crystals and
stopped 500 µm below the surface of the last crystal. Because of the high energy input at the end of
the ion range (Bragg maximum) the sample cracked due to large strain at the interface of irradiated and
unirradiated crystal. In the first crystal, in which the energy loss is nearly constant, the relaxation rate
also remains constant at a value which is almost two magnitudes higher than for unirradiated LiF (grey
curve). At the end of the second crystal the energy loss starts to rise to peak eventually in the Bragg
maximum, therefore a rise in the relaxation rate can be observed. In the hindmost crystal unfortunately
the first 500 µm are missing due to the crack, but one can still observe a heightened relaxation rate
which corresponds to the Bragg maximum. Beyond the penetration depth of the ions, the relaxation
rate drops but is still elevated for more than 1000 µm. Possible causes of this long-ranging defects,
beyond the ion range, might be recoil atoms, fragments, and X-ray emission during irradiation. Stork et
al. [210] proposed that, especially for the low energy irradiations, mainly the emission of characteristic
X-rays produced during the irradiation are the cause of the enhancement of the relaxation rate beyond
the ion range.
Although momentarily limited to the detection of paramagnetic defects in samples at ambient conditions,
this spatially resolved technique allows a new insight into the defect concentration and can be used to
study large-scale defect diffusion e.g. under high temperature conditions. Although very difficult to
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